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AN ANALYSIS OF ERRORS AND REQUIRE VIENTS OF AN OPTICAL GUIDANCE

TECHNIQUE FOR APPROACHES TO ATMOSPHERIC ENTRY

WITH INTERPLANETARY VEHICLES

By Davm P. II.a.tRv, IIT, an:t At,,tn L. FrttEDT,.tYDE_

SUMMARY

An analy,_is q[ guidance-system per[ormancc and

requh'ementsJbr tl_e control of interplanetary retUcles
approaching an entry corri,lor or grazing pass qf oni/

planet is presented. ;{ meas_remcnt scheme based

on a clock and optical instrume_ds (to obtain trajec-

tory knowledge) a_M inertial in._trumcnl.v (to measure

correct|re maneuvers) is h?tpothesized al_d could be

a sd.f-c(mtained,_ystem. Errors in all measurements

a_M cmdrol action arc cons|de, red, a,_d !De effects qf

_nverhtinties in planet terrain or size are studied.

TDe .fea.,ibility study is characterized by two-body

Dyperbolic ira.lector|as and entry corridors spec;fied
only in tcrm._ of altitu,le and direction of rotation.

I range at e_dry velocities J)'om about p:lrabolic to

twice parabolic is considered.

A n_ulliph_-correction, bu.t not conth_uovs, co_trol

tecDnique based on the _,ariance in trajectory eleme_dx

and imquding the effects qf past hi._tory is .found

cnpable _J per[arming the egztry appro_,wh. For ex-

ample, with instrument errors q[ /tO-seco_d-are
xtandard deflation, !lie '_,ehicIe con be guided to

cJdry corridors slightly larger than the minimum

limit due to the uneertctintg in, planet terrain at (t

reloeity-ilwremeat cost cltargeable to the s!/stem of 1
percent of eldry velocity.

D_.flnition of the uneertai_dies in planet terrain is

beyond the scope of lDis analysis, but the _J[ecls on

tlu_ system are predictable. Since the velocity-

increment co,_t qf correcting the residual errors in

midcour._e guidance causes large uncert:ti,dies in the
total eclat|!?t-increment requirements, the tradeqff
criteria between midcourse residual errors an',l

velocity-increment costs are inre.stiguted.
Er_tluations qf gu,iduncc-sy._tem pe_Jormanee are

obtained by simul_tting the system on a digital com-

puter using 3brute ('(trio techniques _ statistical

analysis. System requirements eonsisletd with the

demands of manned interplanetary missions arc

7_derpreted as the worst probable requirements, amt
tlte probability of ._uceess is predicted u._ing e.rtremc-
'vabte statistics.

INTRODUCTION

It has become generally accepted that |mm(.h

guidance is insuffi('i(m[_ to perform inlerl)hmei:_vy
missions without some later' corrections. Tht,

problems of navigation and control associat('d wilh

determining aml execuling l lwse correcli(ms can

be considered in several groups, after launch:
(1) Post-injeclion eorreelions place lhe vehMc

on a (|(,sir(,(t depart ure trajectory.

(2) Midcourso maneuvers correct the irajc('l'm'y

to intercept tim lnrgel l)lam, t.

(3) Homing, approach, or terminal carrel'titres
eslab]isb the desired arrival (rajoelory at tlw

destination planet.
This study is concerned with guidance of lh(,

approach phases of interl)lanotavy missions; that.

is, guidance in tile region from about the sphere

of ii/[hlen('o of li iarg_,l l)[lliil,{ down lo ltw sonsildc

allilOSpilCre. T]lt! lililC elapsed during the ap-

proach [)]l_lS(' may vary fi'onl 12 |[OIllLq to SOVOFII]

dues, depending on mission velocity. This period

of eoasling flighl is inlervul)ted only ,it disercle
inlerva|s where lhrus[ is use([ lo modify lho lrn-

.jeetory toward lhe desired largel. Tim require-

meals for an |all,grated navigalion-conlvol sysicm
lo be used in excculing aa approach to atmos-

pheric en|r.y or a grazing pass of the p]allel are

analyzed.

It has been shown in reference 1 that enlvy

['l'Oill high-energy trajectories is aerodynamic,dig

feasihle and thai we|gilt savings rchllive to the
use of r0lrolllrllS[ can be sul)slanlial. Tile ae-

1
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curacy requirements for entry, however, are

exacting. For examph,, to enter tile Earth's

atmosphere h'om a parabolic approach trnjectm'y

alh)wing 10-g maximum de('elera[ion rate, the

large[ tolerance with a lifting vehMe modulated

(scheduh,d variation) to a maximum lift-drag
-I- oratio of 1 is _3.) miles, and with a ballistic

velIMe t]ie tolerance is -k3.5 miles.

At'curacy in guiding to an entry corridor must

be accol,ll)Iislie<I using real insh'unleniaiion; that

is, measurements subje('[ h) finite errors. In

generaÁ, errors in initial traje('tory and unceriain-

lies in l)hmet size or terrain must be considered.

Also, the vehMe must execute corrective maneu-

vers using imperfect con tr<>ls and sensors.

All vehMes must be guided to within specified

entry corridnrs, and high success prol)ability will

be deman<h,d for manned missions. Represcnt-
utive design criteria, such :as propellant re-

quirements, result when the worst probable
circumstances are considered.

Xlissions to planets such its Venus or 5Iars, 'is

well as a return to Earth, are of primary interest,

As a result, st fully vehicle-contained navi_'sttioll

system is hypoihesized that uses onIy a oh)ok nnd

Ol)ti(',l iltslrumenls |o obtain trajectory informa-
tion. Control and measurement of corrective

maneuvers by inertial insl ruments, possil)lv a<'<'el-

eronle(el-s ,HIIII gyroscopes, qre assullled.

The prinmry trajectory l_nowh, dge, then, is

ohtnined from two range observations, an incre-

ment of rotation about the tat'gel l)]snmI, nml nn
increment of tinie. The scheme is characterized

its an l?l,lg>>A+,Ar schelile. Previous, |ill| less

('onlprehen.uive, i_inal3'ses o J" oilier Seilenies |lave

b0en re|)or|ed. Tl_e ilSe of i'siP,_e, rfll]_e l':ile,

and the rsile of llnguliir rolath)n al)out tile lllr7"et.

p|nnel (ref. 2) inig]ii represent h_struntenlalion

slieh ns ra(iilr or radio nlid ,"i o'yroscopically
slaliilized i'efereFice direction. Tiffs liliglit be
characterized ilS an R,/_>O seheine. Since the

al'('tll'ileV (if this sc]).elne depends largely on the

rstle 0; errors illerefise ill long range its the singll|iir

Pale heconies very small. Also briefl 3" considere<l
in reference 2 is it scheme based on the radar

deternlination of range sind range rD.te at two
successive points, an I?1,/71,R.2,[72 scheme, which_

is not directly capable of determining the orienta- t

lion of the orbit and niay, in addition, require

large power supplies. Another scheme using

successive range and angular-positiou measure-

nients (re{. 3) lnig|ii represent an opti<'al system

with n phniet scanner and star tracker, 'rod is

C]liil'st<'lerizec[ as an Igl,soi,l?..,,+_..,,P_a,_a, or 3(/?,so)

scheme. Though no rates are used, accuracy is
dependent on seeond differences in measure<t

quantities. The sciieme herein (R,,P, 2,kso, kr) is

based on finite first differences and has itdvnntages
in the accuracy of trajectory determinalion.

Consequently, more eflMent guidance is possilfle.
Or partieuhlr concern herein is evaluation of

interactions between various component systenis

related to the overall guidance system. Where
feasible, these component requirenlents are niini-

nlized, so thal the comt>lexity , cosl, and weight

can be reduce(t nnd/or the reliabilily incre.lsed.

The design of components is considered only to
the extent that a niodel for the funetionltl form of

errors and list@ effect on Miidane0 (,all be evahi-
iited. Since it is desired to <h,teimfine niinimal

eomponent requireinents, considerable importance

is ])laced on the logic of interpreting and acting

on rehliively poor MIowledge. A fairly sophisti-
cated gut<lance |ogi<, is ,h,veh)ped to ulilize the
avaihibh, <lata derived from instrumenls of reduced

porfornlsinee ('iq)iibility.

The assume<] gui<lan('e s3sleln is s3mthesized

on a digital compillcr using two-body conic

tr'ljeciories and it two-dhnensional analysis. The
performance of the sysiein is evahilttt,d with

-_h)nle ('arlo techniques; lliltt is, 1)y stsitistieal

interprelalion of results of lnan 3- random approach

"runs." The 'tnal3:sis was con(lucle(| lit the HAS.st

Lewis Rcsesirch Cenler, 0nd some rosulls have
been presente<l in reference 4.

Many factors beyond lhe scope of this analysis

would enler into a specific mission sttl<|y. Results

Sll'e presented herein to illtlsli'stl(, t]ic feasil)ility
of the guidance s3+slelli 1o perforlll the approach

to entry, and to <h,h,rnfine approximate guidance-

S3"Slelll and propelln n I reqllirenlents. _Vliere

stringenl eoniponenl requirements are determined,

the needs h)r additional resear<'h or development

are pointed <)111.

Trade<)fl" criteria between guidance accuracy

anti enlr3+-eorridor tolerance are shown with

respect to guidance-system requirements. The

costs of initial errors in trajectory are shown to
illustrate the costs of inaeem'aeies in the mid-

course guidance system, "uid l]le effects of mission

energy h'vel are presented. 3,]] results are shown

in rion<limensionltl unils valid for tiny planet. .'l

C
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sample of the oplinfization of guidance logic is

shown, and tile calculation methods are shown in

detail in appendixes.

ANALYSIS

Results [o be presenled represent evaluation of

all inh,grate([ naviga(ien and eonlrol system

hypothesized to guide nn interplan(`tary vehicle

to a (,orri<lor lhat will permit safe entry. Ill the

fi)llowing 'malysis the twod)ody trajectory rela-

lions in non(lin_ensional Corm are considered first,
and lhe large( of guidance is defined. The

leehniques of eon'eeting Iraje(`tory errors are

deserit)ed hriefly.

The second seclion of analysis considers ll_e

Ineasurelnen[ s(,henleused in trajectory deiermi-

nation and ill(, lc(`hniques of <l.ta reduelion,

inehMing discussion of advantages and dis-

advantages. Tilt, error sensitivity of tile syslem
to errors in Ineastlremeni instvumell[S is then

considered, and the effee[s of mission energy and
inilial errors in trnjeetery and the use of redundant
(lain are illustraled.

The logic of acting on measured dala, in(,hMing
signifi('anl errors, is eonsi</ered wiih the objective

of redueing lolal propellant r(,quiremel)/s, in-

creasing Ill(, Ioleranee to errors in eomponen!

systems, decreasing tile numl)er of eorreelive

man(,uvers, amI assuring simultaneously a s,ffe

en(ry. Filmily, the techniques of simulating
vehicles on a digital computer and evalualing

performam'e by Monte ('arlo methods of stalislie,d
inference are described.

TRAJECTORY RELATIONS

The range of interest is restricted 1o within lhe
sl)here of influence of file targ(q planet but "fl)ove

ils sensible atnmsl)here , and two-body conic

traje<'lories (specifically, lo'perholas) are assumed.

Governing equalions call be expressed as laws of

eonservalion of energy and ,regular nlOll]ellt/lln

(refs. 5 and t_). The total ener_: (per unit mass)

is [he kim'ii(` energy plus lhe polenlial energy,

and Ihe angulm" momenlmn is t]le producl of
circumfereniial velocity and the distance from the

origin at lhe center of the phmet :

_2 6'.1I (1)
5_=2 r

/, =r(r cos-y) (_)

Symbols are defined in appendix A.
Nondimensional units,--The nondimensional

mdls used herein are based on the nMius of tlle

pl'utet and the parabolic es(,ape veh)(`ily at the
surface. These eonslanls are noted in tahlc I for

TABI, F;I. APPROXIMATE CONSTANTS FOR CON-

VEIITING NONDIMENSIONAL TO REAL UNITS

Paranleter ]'2AIrt h

Dis nm'e (ra,l us), miles (Inl '.J" 3,960 1I
|tnaut, miles) ............... '.t _.t,000 I

'-_ aa. too I: E'enpo velu,,'ity rt,'see ..... (-,s; 500) t
Timo, rain _.. I 9..15

i Acceh.,,afion, fl,,'see 2 ..... i 6a.s i
I

Venus ).lnrs I

a,7._o/ 2,_os /
(_a, --,,_o) _2, mo /

! (l sea) 1
3.t, =tCi0 I , 100 t

9,6 113.9 [

59.7 I 2C,.1j

planets of eurren! or probable future interest, and
the same nondimensioual scheme is used in

r(,ferenees 2 and 3. Then,

Defining noxv,

-0 _'_ G3[ (3)
2 ro

1' o

(4)

so that range/2 is measured in radii from lh(` center

of the planet, and velocity V in eseape velocities.

Working equalions become, with the nolMion of

fi _Cqll'e 1,

E__:=I, 2 I';;"_ p, is)

II-- 1_ =RVo=R(Vcosy) (6)

In general, upper-ease (capital) h,ih,,'s refer to
nondimensional units, an(I lower-ease symbols
refer 1o the same variable in real unils slwh as

miles, seconds, and so forth. All conversion
fu(`tors can t>c derived as fun('lions of lhe planet

radius and escape velol'ity. This nondimensional

system of unils permits analysis valid for any

planet. Resulls of this analysis are not valid for

_loon approaelu,s, since the range used in mimer-
i(,al ewdualion is less than the range of valid

/wo-l)ody assumptions.
Target of guidance. The target, of Ill(' approach

_fidanee probh, m considered is a safe atmospheric

entry or grazing pass of the planet. Reference 1

shows tilt, relalion belween an enlry corridor and



4 TECHNICALREPORTR--102--NATIONALAERONAUTICSANDSPACEADMINISTRATION

Radial componen_
of velocity, _-----

.... Circumferential
component of
velocity, Ve=RE}

planet
Ro=l (p

Perigee range, p_ 1-

Inertial reference
direction

Ft<rrnE I. Trajectory no(ation.

Ill{, perigee (Rv=-P) or the approach Iraje('lory

tlmt wouh| result if lhere were no atmosphere.

As in(liealed sehen_,_th.ally in figure ')., Ill(, mean

range o1' the two boundary perigees lhat defh*e n

corridor is used as the largot perigee. The
orienlnlion or the plane of motion is undefined,

but it is of interest lo guide the vehich, lo lhe

desired direction of rolalion m'ound tim ])]auet.

Equnlions (5) and (6) ew|lualed al lhe perigee

where R=P and 3, 0 become

The target perigee P,:, is assumed to be 1 radius,
ortangen[ lolhesurfaceoflhcplanet. The effect

of varialion in target perigee is shown in reference

2 and also will t)e consi<lered briefly herein.

Corrective maneuvers. -Velocity ineremenls

-XI* required h)r trajectory modification will be

eonsi(lered representative of propellaut expendi-

ture. In nondimensional units, AVis measured in

escape velo('ities.
Discussion of corrective maneuvers and lhc

derivation of error relations are treated in appendix

B, where (1) the method of determining the
desired AVis shown and the tmsie cost or idealized

maneuvers is illustrated, (2) a measurement
scheme ix hypothesized nnd the effect of me.lsm'e-

inent errors on the vo]fi('le's knowh,dge of ort)ilal

elements is pres(,nled, and (3) the effeels of
inexact eonlrol device_ are eonsitlcred.

The major assumptions introduced in appendix
P. are mmmmrize(1 ns follows:

(1) ('orreeiive maneuvers are applied eircum-

ferenIiMly (perpendicular to range) in the plane
of motiol_ and are impulsive in effects on trajec-

tory modification.

(2) The eft'cot oF finite propulsion devices is

approximated 1)y introducing peri()ds or eoasling

flight equivalent to lhe fil'illg time of fixed ne('(,ler-
alton-rat (' (leviees.

(3) Errors in AV measurements are assumed
uneorreh0ed with control errors. This assuml)-

tion permits investigation of the effects or re,tuce(l

('onl eel requiremeHls.

(4) lHstrunl(,nl calibrations, in t(,rms or sla,l(t-

ard deviations, are a,_surne(1 availal)h, to the
vehich,.

so lira{

1
I c -- V2__,-. ,, _ (50)

I1 l,,t' (%0

ts_ IF- 1
=p_, p (7)

and the perigee range can be obtained with the

qua(tra|ie eqm_tion as

p_ 12#2(_l@4E[/a-1) K/O}
P= 1-1_ E --- 0

(s)

,--Allowable entry corridor,
\ expressed as tolerance in
\
\ perigee of extrapolated

trajectories, A P : Ptor +_P//m,7
,a-f-:; : 7:,:.....

e 4" [ ""?::.,'::i. ,-OvershootTa_ei e %_"'_0 ;'OUndor_¢
perigee, uc I ,.,,___. N_... "-..
of c-orridor, i l°ls_net_ /._ "-,% _

[

sensible Undershoot,">,.
atmosphere boundary_/

FI(:(:R_; 2.--Entry corridor and target perig(,o.
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It will be shalom with numerical ewduations

that the performance of the guidance system is
insensitive to errors in corrective maneuvers when

nmltiple corrections are permitted. The following
conclusions are drawn in appendix B:

(1) The AV for a given trajectory modification

varies as l/R, and it: is concluded that correction

should be made at the maximunl feasible range.

(2) The added 2_V east of specifying a given
direction of rotation around the phmet is about

0.022 escape velocity (800 ft/sec) for an entry
velocity of 1.1 escape velocities (40,400 ft/sec).

(Farmltlletical wdues represent approximate values

for an approach to Earth throughout this analysis.)

TRAJECTORY DETERMINATION

It is not the purpose of this analysis to consider
details of the instrumentat ion system hypothesized

t.o supply guidance information to the vehicle.
]t is essential, however, to specify a system in

sufficient detail to permit realistic evaluation of

the problems, costs, and requirements of approach

guidance. Importance is phteed on the inter-

action or various vehMe system components for

the purpose or avoiding implied de,hands on
components not considered. As an example,

requirements for a dynamic attilude control

system during corrective maneuvers might be

implied by specifying accurate A_ r control.

The following discussion will illustrate first
the measurement scheme to be analyzed. Then

the data-rcduction techniques and the method

of inh'odueing redundant data will be describe:l.

The logic used in acting on measured data and

the basic error sensitivity of the system will not

be considered in this section, but are treated in

subsequent sections.
Measurement scheme.--The measurement

scheme analyzed herein includes a clock and

visual or inh'ared optical instrmnents. Range,
the distance from the center or the planet {o the

vehMe, is fmmd [,'ore the apparent size of the

planet by
1

/? sin (_0/2) (9)

as shown schematically in figure 3. Increments

of vehicle rotation around the phmet A_o are

determined fi'om motion of the planet against

the star backgrmmd as viewed from the vehMc,

or by occultation methods fief. 7). The stars,
shown behind the planet in two dimensions, couhl

595488 61---2

/ Vehicle
1

, So

%"-Q_ Planet

Firm observation

5

_ehicle

/

Second observation

_TIGIrRE 3.--Schematic sketch of use of apparent size and

occultation methods in measurement, scheme.

also be 180 ° away behind the vehi('h,.

plane of motion,

In the

a¢=,,,--ea (10)

Two range determinations, the a_o, and the

time increment ,Xr lead to trajectory calculations

similar to "two positions and time of flight"

methods (e.g., ref. 8).
The image created by the hypothetical tele-

scope is shown schematically in figure 4 rot' two
successive points along an approach trajectory.

Two stars, the minimum number needed to

\

First
observation

Second

obse votio 1..

FIC, URI,; 4..-Schematic illustration of image created by

hypotlwtieal telescope.
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Yl "_ Star I

Vehicle
v- axis

Ym,n-

I

Y2- - -_ Star 2

Xm/n Xma x x g2

Vehicle x-axis

Fm't-_E 5. Dal'l to be read from h'l('seope image _howing
minjmuln of two slars.

determine the trajeetor5 in three dimension,%

are shown; but, more wouhl be desi,'able to cheek

identity in successive readings by triangulation.

However, it is not necessary to identify or catalog

specific st ars.

D<'lia seah.d from the image 8re s]lowll il!

figure 5 and may be read in some plane rehltive

{o the image, such as lhe vehicle x-?/phnle. The

scale factor must be known, of course, lo rehtle

distances on lhe image lo angular me,qsuren_ents.

Star eoordinnles and lhe maximum and miuinmm

intereepts of the planet in two directions wouht

be read. Errors il] nle<qsllremell{ are assumed

in (lie process of picking (deteelion) petals from

l}|e image. Thus, hol|l ?I.... and Y,,m_ are sul)je('l

to measurement errors of standard devialion

,_ ........, and so forth.

Errors refleci not onl 3- tim opti(.al systent that

ereHles {]te illla(re._ l)ll{ _ more ]Itl])orlilll{, errors

in olllaining diila l'l'O1]] the image. I{eduee(l

aeellra(')" reqiliFeliielils lhel'eforo will pernlil lighter

and there reliable opih'al s3slelns iilid iliso less

eoiiiplex and there reliable eleclronie eoini)oilenis

assoehiled wilh ihe reduelion of data from llio

in]ago.

For lhe ani/lysis herein it wouhl be unduly

ledious to generl/te the in]age alul i',qndOlll errors

in rending" dnla fl'oin it. The reel|lads by which

tliese dtilli are citleuhiled are presenied in ap-

pendix C. The <':lSSulnpt]oll is mllde lhal lhe

vehicle has reasol]al)Ie el]oiee of Slilr posilions.

]t is lilen possible to rehite the measured vahles

of range R and anguhu' displacement A_ to the

a('lua| values along the trllO trajectory, Ra and

A_,. From appendix (',

//'= R" t,' 2 a,,,,,,÷e,,.<,
(11)

The error in planet size or the planet surface

radius (_n,o is included to take into account

l)lnnel terrain or surface definition uneerlainties.

The variance of lhese values is shown in appen-

dix C to be

'-' '° /R2--1 " _ ) l

. -- meu_+ ez J

(12)

where clllil)ration of the inslrunlenls is again
aSSlll]]ed by lhe lise of _ ......... Uneerlahilies

in phuiel size and oplh'al definition of tile planet

surfaee establish an <qceuraey liinil for the guhl-

ance system, even with otherwise perfect systems.

Predictable phenomena such as ol>laleness, for

example, wouhl ilol norlnall3 _ tie considered tin

uncerlainly, tit,rein, measured range is used

in corupuling _ aboilrd the vehicle (eq. (1_'2)),

while the actual error in range (eq. (11)) is as-

sumed to depen_l eli t|ie <q('lllit| rflnge.

The meiliod of trajectm-)" deterin]nalion using

Ri, R_, A_, and At, along with tile varianees

,r_¢.l , _7_,,, o._, and oa,, is presented in laler

seciions. Ai lhis poinl, ]lowever, some advan-

Inges of using this measurement scheme may be

summarized as follows:

11) The aeeuraey of the itllilude eonlrol s3"sh.nl

is lint reflected in lho accuracy of the measm'ement

scheme. Thus, the requirements for allilude

eonh'ol i'esll]l from corrective-maneuver aCellrae,v

requiremenls, which will be shown to be decades

h,ss exacting. This is eoulingenl on the abilily

of the optical device to oblain the imnge surf-

eientl 3" fast lo allow slighl nlotion of tile vehicle,

a 1)ro|>h,nl analogous 1o tiilil of phoiogr<qpliing a

moving objecl.

(2) Dillti are then obtained hi esseni]a]] 3, zero

lime rehllive to h'aje('lory limes, and tile eompu-

hitionnl prol)lenls assoeialed with range variation

during a single re'lding are avoided.
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(3) Attitude control during coasting periods is

not required. An attitude knowledge, in contrast

to active control, may l)e useful in avoiding search

mo<tes prior to data acquisition, and also in per-

mitring consideration of oblateness corrections in
data reduct ion.

Some potential disadvantages or the measure-

men( scheme sbouht be/ma,<l, t>ut study to evalu-

ale effects is beyond the scope of the present,
an n l,,,'sis :

(1) Failure to obtain the same pair of stars in

successive readings may, alter failure of a sear('|,,

result, in loss of data for periods o1' the approach.

(2) The apparent size of the 1)l'met wlries r,'om

minuh,s of arc to 180 ° during approach, an<l the

use of several lens systems may be required.

(;3) Probh,ms associated wilh obtaining data

from the image are not analyzed.

Data-reduction techniques. Tit(, simultaneous
equations that must be solved lo dctermi,w the

orbital elements can be expressed in two dimpn-
siong as

h

:.Xrw-rg,,,.2--rg,,,l=-O _ (13)

j

where %o is the time to perigee passage, a function

or range mid two orbital elements such as perigee

19 and energy E. Equations are shown in ap-
pendix D. True anomaly 0, or the angular dis-

placement from the perigee, is also a function of

l', E, and L'. Equations (13) express the con<It-

lions that the measured incvemenls of" angular

displacement and lime agree with the increments
calculated f,'om range and o,'bi[al elements. II,

functional notation consistent with the ]eqst-

squares adjuslnlenl to |)e used,

F,(P,E,R,,I?..e,_r,O)= O_
I<,(19,E,R:,R.., O,.X+.-) O)

(14)

l,itcrature on least-squares nlethods is extensive

(e.g., refs. 9 and 10). The development shown in

appen<|ix E is that of ref'erenee ll.
%, solve f<),' unkttown vah/es of the orbital

elements, P and E, the eMnents are i,,t<,,'preted

as unknown parameters in tile leasl-squa/'es so|u-

lion. Thus, the pair (or "set") of equalions is
uniquely determined (two equations and two

unknowns), and no adjustment <ff the obserw/lions

(Rx, R2, kr, h,#) is made. The least-squares

reduction is, in a sense, a method used to expedite
convergence of the iterative solution, a particu-

larly efficient nit(hod in that convergence of about

a decade in both unknown parameters is obtained

in each iteration loop. SimultanemMy, the ex-

peete<t variances of the adjusted parameters

(@, a-_:) are computed for use in guidance logie.

In general, however, the wqficle does ],ave some

I.:nowledge of its ortfital elements from previous

data reduction, namel3" , P and E and estimates
2 2

_, and _:. To make use of this k,mwh'dge with-
out the need to re-reduce previous (lain with new

sets, the orbital eh, ments are tre'_ted as observa-

tions, or measurenwnls. Thus, a history of
vehicle knowledge is propagated using the terms

l', E, @, and 2'_u. The least-squares condition

equations are overdetel'mined, and there are no

,,llkllOXV,l parameters.

Th(. res,dts of tiara redu<qio, are again tit(,
adjusted values 19, E, = and 2,71,, c_L., but. also the ad-

just cd wflues of the other obsevvalions, from whie]l
l?., and <Ta+e.2are nseful.

If guidance logic and the results of data redue-

lion do not cause a corrective action, coasting

flight is contimwd, the trajectory knowledge is

used in successive (lala reductions, and so on.

IIowever, if corrective maneuvers are used, the
orbital elements are modifie<t a_ discussed in

appendix B, and errors in measuring the kl: will

add additio,ml uncertainty to the modified ele-

ments. Assmning th',l the expected errors in
data reduction are uncorrelated will, the errors in

naeasuring corrcclive mnlwuvers, the modified
variance is

<_+,= ¢>. (,,,,,, ,_.,,,_,,'o_>+ c9.. (_v ,_......... _,) (15)
2__ 2 g

fiE-- fiE, _data recluct ion) "_- if&', (2tt" mcas urcment )

Trajectory determination, and thus guidance
performance, is influenced by inaccuracy in

measuring kl, but only indirectly by control

errors, since the accuracy of trajectory knowh,(lge.

is n<>t reduced, even though the desired trajectory

may not be attained.

:More comprehensive methods of using redml-

da0t data are awfilable (e.g., refs. 5 and 8). The

method just, described is used herein to maintain

simplicity. The need rot computational ease in
X[onte Carlo evahmtions is obvious. The use of
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vehicle-contained computers, however, also makes

simplicity desirable to reduce complexity and

calculation-speed requirements. Where signifi-

cant weight reduction may not be possible, tile

gains probably would be attained in reliability
(ref. 12).

As indicated in diseussim_ of the costs or cor-

rective maneuvers (appendix B), it is desirable to

improve tl_e trajectory at as long a range as pos-
sible; and with this method of using re(hmdanl_

(htla, correclive action can be laken after each

increment of coasting flight.
Additional considerations on the data-reduction

methods are presenled in the next section in

relation to the error sensitivity of the measurement
seheme.

ERROR SENSITIVITY IN TRASECTORY DETERMINATION

The basic sensiiivity of data reduction and tra-

jectory determim_lion to errors in measurement

reflects directly on the ability of tile system to

perform the approach guidance mission. Conse-

quently, error sensitivity will be considered in
some detail.

The terms of the coefficient, matrix of lhe

linearized condition equations (appendix D, eqs.

(D27)) can be solved algebraically rot error
coeflMe.ts, such as bP/bR. Consideral)le effort

is required, however, and the resulting terms are

sufficiently complex that numerieal evaluation is

necessary before [rends are apparent. Also, since

it is desired to investigate the effects of several

errors simultaneously, lhe h,asl-squares solution
used in simulation of data reduction is also used

[o evaluate error sensitivity.
The sensitivity of the measurement scheme to

errors will be expressed as the slandard deviation

of l]le orbit.I elements, ¢,, and ¢_. The caution

generally exercised in in terpreling linearized error

eoeffi('ients multiplied by errors is warran led here,
since the mechanics are identical. The lineariza-

lion and use of expected errors are the same as

]lyf)oth('sized in data reduc'lion, however, so thai

the slandard deviations represenl the expected

errors computed during data re(hu'/ion aboav(| a
vehicle. Note that the true or actual error in

reading_ does not directly influence the expected

error, sine(, the expected slandard deviations from

calibration of inslruments are used in eomputa-

lie,. Indirectly, though, large warialion may be

anlicipated because real errors cause changes in

lice nominal point about which linearization is
made.

The expected errors in perigee and energy de-
termination, due to assunled measurenlent errors

'md the phmet terrain uncertainties, are con-

sidered first, followed by illustration of the effects

of trajectory energy level and initi_d perigee.

Finally, the effects on trajectory deternlination of

using redundant data and the effects of errors in

corrective maneuvers are considered briefly.

The effects of individual component accuracy

on the overall accuracy in trajectory determina-

tion are presented in appendix F in terms of error

eoeffleienls. The major results can be summarized
as follows :

(1) With errors o1" the relative size considered

herein, errors in time measurement have insigldfi-
cant effect, relative to other errors.

(2) The measurement scheme considered herein

utilizes a common image in observing range

(vector) and star positions. If, in contrast,

separate instruments are assunled, the error sen-

sitivity due to phmet observations is about equal

to that due to star-position obserwdions. In a
qualitative sense, the results presented couhl be

in terpreted for a system using a gyroscopic reference
direction, but quantitative results may differ

significantly.

(3) The uncertainties in planet size or terrain

contribute significant error at short range that for

the measurement scheme herein is a physical

limitation to guidance accuracy rather than an
instrument accuracy problem, Consideration

leading to the aSsllnll)lion of aR.o---0.0002 radius
(0.8 mile, 0.7 Int. mint. mile) as a representative

value for analysis purposes is discussed in appendix
F.

Basic measurement sensitivity,--The slandard

deviations in perigee and energy determination,

_e and _s', are shown in figure 6 as fmwtions of the
range increment between readings, _R Rz--R_,

for several values of Ra. Since the effects or

errors in time, distance, and angles are considered,

specific numerical values are assumed: 0.0002-

radian (40-see-are) angular error, 0.01-percent

timing error, aud 0.0002-radius (0.g-mile) surface

uncertainty. The sensitivities are illustrated for

a trajeetory of 0.2 energy (v_,--16,400 ft/sc(') and

1 perigee (tangent to the surface), with shaded
areas to point out the combinations of range and
increment size &R (hal are of interest with the
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mulliple-correction guidance schmne to be

analyzed. The curves are shown for range RI as

large as 200 radii and errors as large as 10 radii for

eomphqeness, but two-body assumptions and

linearization have doubtful validity al lhese
exlremes.

The expe('ted error in perigee (leternaination is

shown in figure 6(a). In the range of interest,
ap varies from 0.0005 radius (2 miles, 1.7 Int. naut.

miles) for R_= 1.2 radii and AR--1 radius, to 0.23

radius (920 ruth,s, 800 Int. naut. miles) for R.,=100

and 2_R--10 radii. The variation in aceuraey

along a probat)le trajectory is then about 460 to 1.

At long range, the increment size for maximmn

accuracy is approximately tim same as the range

Ra. At she,'/ range, lhe oplimum increment size

for a single _ncremen/ is 2 or 3 times R_. Shorter

than oplimunl increments are used in multiple-

correction s('lwmes, primarily be(muse of the

influence o[' redundant data and the increasing
cost of correctionas Ra decreases.

The staJ)dard deviation of energy d(,lermination

is illnslrat(,d in figure 6(1)). In the range of

interest, `ru varies from 0.0007 (equivalent to an

uncertainty in hyperbolie veloeity of 97 ft/see)

with Ra--I.2 radii and kR--1 radius, to 0.065

(9000 ft/sec) with R2=100 and AR--10 radii.

The optimum step size is roughly the final range

R_, or Rail-lit2, so that sl(,ps about half the dis-

hmee from the inilial range to the center of the

planet resull in maxinmm accuracy.

The errors in energy using the measurement

scheme of this analysis are significantly larger lhan

those of other systems, such as the range, range-

rat(,, and angular-rate scheme of reference 2.

This, however, does not constitute a ditlh.ulty in

guidance, since the energy is not intentionally
varied or controlled during the approach, and the

entry vehMe is not sensitive to small variation in

energy and thus enlry velocity (rer. 1). More

important, though, o> for the sut)jeet scheme

varies much less with range than ,re for the

R,/),0 scheme, where the variation fi'om 100 to 1.2

radii is 20,000:1 relative to the 460:1 of fi_mlre
6(a). At short range, the two schemes are of the

same order in accuracy eapabilily, but a more

preeise comparison than decades requires assump-
tion of details not of interest here. On the other

hand, at long range, the R_,R_,Ar,A¢ measurement

scheme is clearly decades more precise than the

R,/_,t_ scheme. This is reflected in the al)ility to

guide (,los(, to the target perigee at long range and
thus require less eorrectiw, AV. Note, however,

[ha( comt)u_'llio,ml complexiiy is significantly

increased by the use of lime increments in data
redu('lion.

The foregoing results were presenied for a

parliculax" trajectory, I'--I, E 0.2. The effects

of variation in trajectory energy and perigee

are considered nexl. The probh, ms due to lineari-

zation around nominal poinls indicated by meas-

nrements that may vary from the true point

because of errors are pointed out.

Variation in basic measurement sensitivity with

perigee. The indicated and true perigee will

generally differ from lhe target perigee, herein
aSsllmed as 1 radius. The varialion of O-p for

several range values and increment sizes is shown

in figure 7 as a runelion or l)erigee. The energy
of 0.2 and lhe same measurement errors are as-

sumed as previously, and the logarithmic repre-

sentation is shown only for lhe range of interest.

(As R +P the errors decrease and curves cross, as

shown in ref. 2, but this is considered beyond lhc

range of interest here.)

The trend of principal iuteresl here is that of

increasing o-,. wilh perigee. For examph,, the

error in perigee determination for a trajectory
wilh P :10 radii is al)out 5 times that for P 1

radius. This approximaiion is almost unaffe('ted

1)y range Ra oi" increment size ZR in the re,on of

interest. As a resuh of lhe decrease in accuracy

with increasing perigee, larger ca'ors in lrajeetory

will cause larger errors in Irajectory del ermim, tion,

so thai control is poorer al long range. The AV
cost of control may increase, lhen, even more tban

the obvious increase due to larger initial tra jeelory
errors wouhl in(lieaie.

An order-of-magnitude evaluation of lineariza-

lion can be made as follows, considering for ex-

amt)le a reading interval of 10 radii ending at
R_=100 radii. If the true perigee were 1 radius,

the standard deviation `r,, shouhl be al)ou! 0.23

radius. If readings were such that an error of

+2(r resuhed, lhe indicated reading would be

about P= 1.5 radii, and a_, wouht be evaluated as

0.27, or al)out one-fifth too large. Estimating

for R2=100, AR_5, and P--10 radii, the ratio of
indicated to true o> is almosI 2:1. At, short

range, where errors are decades less, the errors in
computing ,re shouhl be small, if not negligible.

The effect or varying the target of guidance should
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be relatively small [or the range of entry altiludes
that may be considered.

The variation in the sensitivity of energy de-
termination with perigee is not ilhlstrated, since

effects on the guidance problem are relatively
unimportant.

Variation in basic measurement sensitivity with

trajectory energy.--The ability to determine

trajectory elements over a range of ener_%" level

is significant to guidance in two ways: first, the

effect of changes in energy on Iiuearization, as

discussed with perigee variation, and, second, the
abiliL_ _ to guide the vehicle wilh tfigh approach
velocities.

The standard deviation of perigee determination

as for the same assumed errors anti P= 1 radius is

shown in figure 8(a) as a fum'tion of energy level.

The variation from parabolic to more thau 3

units hyperbolic represents entry velocities from

about 1 to 2 escape velocities (37,000 to 74,000

ft/sec). The hyperbolic velocity varies from zero

to V_ escape velocities (0 to 64,000 ft/see), and

for this large variation tip increases only as much

as 50 percent at hmg range, R_=100 radii. A!

short range zv is almost constant, even decreasing

slightly because of changes in the I:_:AR relation
as energy increases.

Since ttw perigee is the primary control param-

eter, the guidance problem for approaoh to
entry shouhl not be signifie'mtly more difficult

even wilh high approach velocities. Naturally,

the AV cost of correction will be greater, and other

factors .]fleeting guidance will be considered later.
Error coefficients for the R,R,d measurement

scheme ilhlstrating a decrease in expected perigee

errors with increasing energy are noted in reference
2.

The standard deviation of energy determination

_r_, however, increases rapidly with energy level.

For the purpose of illustration, as is shown in

figure 8(b) as rru/E, showing that probable errors

are approximately proportional to energy at long

range. At short range, the increase in as is less

than proportional to E for E up to about 1 unit
(vh=37,000 ft./sec), hu_ as does increase. For

higher energy, the increase becomes proportional

to energy.
The significance or increased enerKv errors at

high energy is reflected best in numerical evalua-

tions of guidance performance. It is concluded,

however, that the ability to (let.ermine the perigee
595488--61--3
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accurately is more important than the ability to
determine the energy, and lhat the characteristics

illustrated in figure S are desirable.

Effects of redundant data. The previous illus-

trations of probable errors considered only a single
increment of calculation. Consider now the effects

of previous knowledge on the eomputqtion of

perigee ,]long an approach trajectory of P=I
radius and E-:0.2 using the measuremenl errors

as previously. These were 0.0002 radian in

angular mensurenient, 0.0002 radius in surface

unecrtainly, and O.Ol percent in timing. It is

_flso necessary lo assume the sampling rate, o1" lhe

sequence or increment sizes, along the approach.

For the example illustrated in figure 9, increments

of 15 radii are used initially at long range and 0.3

R_ proportional steps at short rat]go. Tim

transition is at 45 radii, where 0.311_<15, and the

cutoff poin_ is at 1.2 radii. Logarithmic scales are
used to illustrate the variation in ,_,. as a function

of range /i',2, whore each point represenls the

knowledge of all previous data reductions. The

past history is introduced as described in sections
on data reduction.

The value of Op with redundant data is 0.00049

radius, wliile the expected standard deviation of

just the last point alone is indicated as 0.00067

in figure 9. Thus, perigee determinalion is

in]proved by one-third through the use or re-

dundant data. Greater improvement wouht not

be expected, since _re for earlier data is much

greater (up to two decades) than ae for htter data-
reduction increments.

The one-third gain duo to redundant data. is

useful in guidance, since it implies roughly one-

third smaller entry-corridor sizes. On the other

hand, more sophisticated methods of incorporating

past history may not greatly improve accuracy

but wouhl complicate tho computation prol)lom.

The reason for large tolerances to inaccuracy in
measurement of corrective maneuvers, to be

shown, is that loss or even all previous history

results in only one-third reduction of knowledge

at the lime of loss, and less after additional
increments of measurement.

GUIDANCE LOGIC

As stated pre_dously, the broad objectives of

gmidance are (1) to ensure control t,o the specified
entry corridor, (2) t,o minimize total propellant

requirements, and (3) to establish and reIax whore
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possible the demands on guidance-system com-

ponents. To achieve these objectives, a method of
obtaining and reducing data has been presented,

but without discussion of the number or spacing

of data-acquisition points. The first function or

guidance logic to be considered, then, is the

functional logic of a data-sampling schedule. The
mechanics of corrective maneuvers and the

associated computation have also been described,

and the second _oup of guidance logic forms the

link from measured trajectory errors to the

desired correction. The presentation of numerical

values for particular functions of logic is avoided.

An cxample of the optimization of numerical

values, anti also of the need for various functions,
is shown in connection with statistical per-
formance calculations.

It is o1"interest to note I]mt the execution of the

logic of guidance in a self-contained computer

system is negligible compared to data rodin'lion.

Thus, computer size is little influenced by the use

of the logic to be described.

D_ta-sampling rate.--Scveral schemes for deter-

mining the rate of data acquisition and corrective

maneuvers are proposed in the litera{ure (e.g.,

ref. 13). It has been found in this analysis and

in the studies reported in reference 2, however,
that the importance of the first and last points

outweighs the imporlance of the scheme used in
iulermcdiate increments. As ilhlstrated in dis-

cussing figure 9, the accuracy of guidance is almost

completely determined by the accuracy in the
last increment before cutoff. Tl,e first increment

or the first few increments of trajectory determi-

nation and correction are impor{ant in reducing
the AV cost of initial errors, as discussed in

appendix B.

The sampling rate used in this analysis is shown

in figure 10 as a function of the range of the first

reading R_ of a pair. At h)ng range, for the first

few readings, a constant increment size is used, or

aR=aR,,,o, 06)

so that the increment size for the correction of

initial errors may be varied independently of the

remainder of the sampling-rate schedule.

At. dose range, two factors have been found im-

portant. :First., the last data should be obtained

at the shortest range consistent with sufficient

time to net on the data before entry; and second,

the last increment must be long enough to obtain

good accuracy. The range of the last data point
R_,_ is computed from the range of the sensible

atmosphere, the time required to reduce data, the

times used in orienting and reorienting the vehicle,

and the estimated time needed actually to execute

the largest zXV used after the final d'tta point.

The computation is indicated in appendix D. A

minimum increment is specified as zXr,,,, to es-

tablish the minimum spacing of data points, where

it,,,,, is arbitrary but should be at least the time

required to reduce data. It is possible, then, to
predict when the last reading incremm_t should

begin, and also when the second-last reading in-
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erement should begin. The range R_._t distin-

guishes the minimum range from which two

complete data increments are possible. Thus,

for R>R_,,,, two (or more) readings are started;

while for R<R_,:t, only one complete increment

may be acconlplished. Finally, then, for R_<R,._t,
the second point of the pair is Rz--=-R_.t, and itie

increment size becomes

With the sampling rill(, for the initial and final

increments defined, tile increment size for inter-

mediate readings is herein assumed to be pro-

portional to R_, or

._n = k,d_', L AI: <AR.,_
(15)

As will be illustrated ill (lie presentation of

numerical results, the proportional step-size eo-

eflCioienl X"R cfln be varied from 0.1 lo 0.5 with
Ollly Slllall el'feels nn gllidalloe-s_'slelll perforlnllnce.

Also, unpublished resulls indioale thai other

functional fcrnls of sehedlllillg, Slleh ilS inorelllellls

proporlional to liino, are neeeplnbie. It is con-

eluded, lherefore, thill the particular functional

form of tile sampling-rale schedule is not inlportant

to glli(|anco-systein pcrforlilance.

The s..in_pling-rale schedtlle iS simulated for

eomplllalion as preseli[ed ; bill, In provellt requir-

ing the vollicle to monitor its position, il time

inoremenl is oonlputed (llsin_ vehicle knowledge)

and passive coast(fig is flsslnllell. In other words,

the second reading is made after increments of
passive ooasiing flighl d I:ring whMl only the elock
is monitored. £ince, ai long range, trajectory
knowh, dge is less aconrlite, ilie specific range 17_
desired may difl'er froiii the range at which the
reading oootlrs. AI s]lol'l range, where time and

range increments should be aeotlralel.y executed,

trajectory delerndnation is suft3cienily precise, and

the schedule can be closely approximated.

Correction logic. The guidance computer must

have a means to determine, for e,tc]i of the datll-

re<hie(ion inorenients, (1) whether it correction is

desirabh,, (2) the size or the correction, and (3)
whether tile Al'is within the efficient liinits of tlic

prol)ulsion devices. The logic develope<t to per-
form these fllnclions is shown as a lflock diagram

in figure 11, which inchldes terms an'dogous to

dead band and <lanlping as well as limihltions on

AI:. On the rig}it of tile diagram is the logic used

normally for tile purpose of minimizing total kl ,_"

and the number of corrective impulses; on the left

are nmdifi<'ations for the final eorreciion before

entry, wliM, are oriented principally to ensure

guidance accuracy.

In it qualitative sense, if uncerlainlies in perigee

determination are larger titan the miss distance,

expendilure of AVis not justified. In a ouanlita-

tire sense, ]iowever, neither the "true" miss

dishmce nor the "true" error in perigee determina-

/.inn is known to tile vehMe, and control action

nmst be based on stalls(teal estimates availal)h;

fI'oln data re(Iuction; namely, P and O'p. :'_k dead

band based on the indicated miss distance P--Pt,,

and the expected error in perigee determinalion
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Results of data

reduction P, ¢,o, etc.

!
Is this the last step?

Yes No

1 Cutoff logic

I
Dead bond I

I
I
I

l_IP-%l >_P,,_;,-, .., ?
Yes
l

1
I

Damping I

I
I

I
I1 ,

I ICompute demand &V I
I

L_ _et Z_V= AVma xExecute &V
correction

1
Cutoff indicator from

sampling-rote logic

Normal logic

Is IP-#orl >koBO-p?
Yes No I ,,I_,-im_

I
_sIP-4o,I >_P,,m,,-*o8"_? II

L__F...... . ....
Use larger of:

1

Check AV limits

Is AV> AVmm ?.

Yes No 1 I 1 _1 I

I
t
I
I
I
I
I
I
I
I
I
I
I

"-I
I
Is AV> AVmo x?

Yes No

I
I

I Omit AVcorrection

FIC, URE I 1. Block diagram of correction velocity-incrcm(mt cotdrol logic.
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,re is used herein to cause omission of AV expendi-

ture when knowledge is insufficient (in a statistical

sense)i An arbitrary "dead-band" coefficient ko_"

is introduced so that desirable dead-band sizes may

be determined by optimization of results. A col

rective maneuver is used only when

lP-P,_rl>kDR_rp (19)

Where the indicated error is less than the dead

band (e.g., 0.5 sigma), the coasting trajectory is
continued.

Unnecessary AI r is omitted, in a st.atistieal

sense, if the vehicle is within the desired corridor

size limits, P,_4-AP,_,, by specifying an addi-

tional dead-band criterion. Thus, unless the in-

dicated error is larger than APn_, less a safety
factor kDn(e, correction is omitted. Or, coasting

flight is continued unless

iP--P,_,]> 2_P,m,t--lrDB_e (20)

The dead band used with cutoff logic (the left

side in fig. 11) is modified to shift emphasis from

efficient control to high accuracy for the final cor-
rection. A "miss coefficient" km is introduced

that is a larger "safety factor" than kDs (e.g.,

2.5 sigmas), so that coasting is continued unless

[P--Pt,r}> AP,z,_,--/e,_v (21)

Equation (2l) (lifters from equation (20) only by

the arbitrarv constant., but the larger coefficient
allows correction of smaller errors.

Damping action is incorporat.ed into the guid-

ance logic by causing AV to be less than that re-

quired to correct to the centerline of tbe entry

corridor P,,, for the purpose or preventing over-

correction due to errors. In normal logic the

damping is related to both the significance of the

knowledge and the specified corridor size, as with

dead bands. The intentional error in trajectory

after correction .aP: is the larger of

[2_P_I = kDiO'p (22a)

IaP_[ =aPu.,.--k,,,_v (22b)

where the damping coefficient kmr is introduced to

permit optimization of results. The miss coeffi-

cient, is used again for convenience and to allow
somewhat earlier correction close to P,_, The

cutoff logic uses only the target-oriented damp-

ing (eq. (22b)). The sign convention used herein

is shown in appendix D.

Limitations on velocity inerements.--The use of

engines or thrust devices having limited AV

capability for individual corrective maneuvers

is considered by supplying the guidance com-
puter with the maximum and minimum AI r/hat

are to be allowed. For example, al'.,,_ may be

limited for an uncooled engine, or al;,,, may be

limited to reduce st.artup losses (if a large engine

is used to make small con'ections).

When AV corrections _eater than .Xlm_, are

specified by the foregoing logic, the guidance

computer arbitrarily substitutes the maximum

allowable correction kl;,_, as indicated in figure
11.

If, on tile other hand, Al+smaller than al.,., is

demanded, control logic al%itrarily overrides the

foregoing logic and omits corrective action alto-

gether, except at the cutoff point,. Since guidance

accuracy is seriously affected by the omission of a

final trimming correction, the (slight) inefficiency
that results is unavoidabh,. It. shouhl t)e noted

that the use of _I;,,_ to cause omission of small

corrections is somewhat analogous to a dead band

and tl,at, as _V,,,_ is increased, the mmg)er of

corrective maneuvers used during tit(. approach to

entry decreases.

COMPUTATIONAL METHODS

Numerical results used in evahmting guidance-

system performance are computed through the

use or _{onte Carlo techniques. Thus, a random

trajectory is generated, atut the data that wouhl

be acquired under ideal conditions are eah'ulated.

Then, indicated readings are computed using

random errors and are reduced t)y the methods

described. Guidance logic is executed and any
corrective action is calculated. Random errors

are used to compute the true corrective action,

which is t.hen used to modify the true trajectory,
and so forth. The result is the simulation of one

sample approach to entry, and the performance of

the guidance s3"stem is evaluated t)y the stalis-

tical interpretation of many sample cases.

The most, important advanlage of the Monte

Carlo technique is that there is no limit t,o the com-

plexity or t,be physical problems lbat can be solved.

A formidable practical limitation, however, is the
size and speed of the computer used for sinmlation.
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It should also be noted that the simulation of the

computations that would be made al)oard the

vehicle points out computational difficulties.

Thus, where unusual combinations of errors and/or

logic lead to 1)reak(lo_n_ of calculation techniques,

such as divergence of iten_tive solutions, for ex-

aml)le , the sittmtions that cause trouble can be

avoided by using modified logic or improved calcu-
lation techniques;

Random errors used herein are approximately

normally distributed and are generated by the
method described and ewlluaied in reference 14.

The details of the use of these errors in compula-

lion are shown in appendix D.

The performance of the vehMc of interest,

namely the one that may atlemt)t to execute the

mission, can then be predicted from the statistics

generated 1)y simulating many random vehMes.
In contrast to predicting the expected or most

probable performance, the maximum miss distnnee

and AV requirements are of interest herein.

Results arc interpreted, therefore, for the worst

probat)le requirements on the system, as an

initiM step in determining the success protmbility

in the range demanded for manned missions.

The significance of the maxinmm requirements

from a given san_plc of an approximately con-

tinuous distritmtion can be estimated using the

statistics of extreme values (ref. 15). The mean
number of exeeedanees 37,_in N future trials over

the mth largest result in _ previous trials, and the

-variance a_, are

N m (n- m + 1) x/N(N+n + 1)
Xm_ T/_ "7-_.-' 0"2

_-t (n+l) 2 "" .n+2

(23)

For the special case of one future sample, lhe mean

nnmber of exceedances over the largest I)rcvious
result and the variance become

1 1 _ 1

_,,,=-_V.n+1 "_-'n a"='n't,_ 1) _"_-n (24)

so both the numt)er of exeeedances and the

variance in the number of exeeedanccs are in-

versely proportional to the number of previous

samples n. The majority of results presente(l

herein illustrate the worst ease in 100 samples, so
that the mean number of exeeedances in the next

sample is about 1 percent and the variance of

N,_ is 1 percent. The success probability is thus

about 99 percent.

The maxinmm wdue itself, however, is only

rougtfly estimated by 100 saml)les. Before

application of analyses to an aeimd mission,
statistical evaluation much more exacting should

be made. Further increase in sample size is not

considered warranted for the sul)ject analysis,

primarily because of the preliminary nature of the

in'cestigation. Other factors, including the many
assuml)tions of trajectory and measurement errors,

computing-time considerations, and the ability to

establish trends with 100 samples, influence the
restriction. It. should be noted thai, where

additional samples have been ewduatcd, the

prediction of exeeedances has been good.
The use of conventional statistic,tl methods,

such as references 9, 10, or 16, which generally

require foreknowledge of distribution type, is

avoided, principally because the changes in logic

and so forth that may make prediction desirable

are usually made to alter the distribution type

intentionally, thus inv,tlidating the prediction.

STATISTICAL PERFORMANCE EVALUATION

Numerical results are presented in nondimen-

sional units but can readily be translated to real

milts for a particular planet if the escape velocity

and surface radius of that planet are known. The

input assumptions of the reference case arc pre-
sented herein for Mars, Venus, and Earth to
illustrate the differences and siJnilarities in the

guidance problem of ,lpproaeh to these three

planets.

The guidance factors used in presenting the

reference case are, for the most part, stated but

not discussed. Tile effects of variations in guid-

an('e logic and the method of its optimization are

then presented. Next, the requirements on sys-

tem component performance are discussed, with

emphasis on the propulsion and attitude control

system associated with corrective maneuvers.

The remaining considerations of the statistical
performance evaluation include (1) the effects of

assumed initial errors in trajectory, which may

contribute the majority of the AV eost of guidance

and so are presented in terms of the AV attribut-
able to midcourse errors and in terms of the influ-

ence reflected on the approach guidance system;

(2) thc effects of entry-corridor size limitations;

and (3) the effects of" mission energy on the ap-
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preach guidance problem, illustrated for a range

of basic measurement-error assumptions.

Discussion of numerical results based on many

assumed values Ieads unavoidably to presentation
of many values for later discussion because of tile

interaction of the many variables consi<lered.

REFERENCE CASE

The reference ease used herein represents the

result of a restricted optimization of guidance

logic within a framework of assumed trajectory
parameters an<l measurement errors. A felt era-

tion of the many considerations leading to selection

of one particular sample for use as a reference is

unduly repetitious. Since many factors influence
the results, a tabulation of assumed values is

presented before discussion of numerical results,

but discussion of individual assumptions is deferred

to more appropriate eorttext.

Assumed input to reference case. -The numer-

ical values assumed in computing the guidance

performance of the reference case are tabulated in
nondimensional units in the second column o¢

table II. The real units in the third column refer

TABLE II. ASSUMED INPUT TO REFERENCE CASE

Paranle'_er Assumed value
Al)l)roximate equivah'nt

Real units Earth Venus Mars

Initial and target trajectory

Initial energy, nominal, E'._........
Standard deviation of E,, as.,. ........
Initial perigee, nominal, P_ ..........
i St'mdard deviation of P,, ap._ ....
Initial range, nominal, R_ .........

Standard (h.viation of Ri, aR.i .......

Target perigee, mean, Pt .............
Allowable miss dist.mee, APtiml t ......

0.2 .................

0.01 ...............
1 radius ............
2 radii ..............
100 radii ........

10 radii .............
1 radius ............
0.0025 radius .......

vh, ft/see ...... 16, 400 15, 500

vh, ft/sec ...... [ 180 172
Mih,s ......... 4, 000 3, 750
Miles .......... ] 8, 000 7, 500
Miles ........ 400, 000 375, 000
Miles .......... 40, 000 I 37, 500
Miles ........ 4, 000 3, 750
.Mih_s .......... 10 94

I

7, 700
85

2, 100
4, 200

210, 000
21,000

2, 100
5.2

Instrument errors

Basic measurement error, o-,,,,, .... 0.0002 radian ........................

Pl-mct terrain uncertainty, ,ra ........ 1 0.0002 radius ........ i Miles .........

Clocking error, _ra .................. i 0.0001 ............ [................

aI" Control/directi°n. ' tr_ ............. 1 0.0004 radian ........................
(magmtuae, car ....... i 0.001 ................................

, .fdireetion, a60 ..... I 0.0004 r'tdi.m .......................

AI McasuremenV(magnitude '_r_av .... / 0.001 ...............................

or 40-see arc

o. s l 0.75 I
or 0.0I percent

or 80-see arc

or 0.1 t)creent
or 80-see arc

or 0.1 t)ercent

0. 42

Propulsion factors

Acceleration capability, A ........... 0.1 ................. ft/see _........ 6. 4 6. 0 2. 6
L_st impulse size esti_'nate, .aI'l,_ .... 0. 0l escape velocity__ ft/sec ......... 3fi7 344 171

Max. AVlimit, AV,_, .............. ] 0.1 ,,scape velocity __ ft/see ....... 3, 670 3, 4,t0 1,710

Min. AVlinait, AVmi_ ............... 0.001 escape velocity__ ft/sec ......... 36. 7 34. 4 17. 1

Guidance factors

Dead-b.md eoeffMent, kl_R ........
Damping coefficient, kD_ .......
Combined cutoff miss coeffieien(, km.
Max. range inerement, ..Xnm_,_ ........
Proportional range inerement coeffi-

cient, kR.
l_Iin, time increment, ,Xr__ .........
Lost time, Arstov ...................
Range of sensible at mosphere, R_t,__--
New data coemciclLt, k_w ...........

0.5 ...............

o.5 .............. :::::::::::::::::::::::::: - - -: ---- - -' ------- ----------
2.5 ...............
10 radii ............. - ! ; : ;s[--:---: ::-'Mlhs --540,.........000 3,,: ...............o00 21,000

0.5 ................ Min ........... 4.7 4.8 5. 4
0.5 ................. Min ........... 4:. 7 4. 8 [ 5. 4

1.02 radii ........... Miles, altitude__ 80 75 I 42

0,1 .............................................................. I

t The standard deviation of the linear normal distribution used to generate a bivariate dis,fibre;ion.

595488--61-----4
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to the approximate equivalents shown ill the last

three columns for approaches to Earth, Venus, and

Mars. Ratios, eoefficientsp and angular measure-

ments are unaffected by the nondimensional

system.

The first group of assumptions is related to the

initial trajectory and the target of guidance.

The nominal energy E, is assumed to be 02,

representing a hyperbolic velocity of about 0.45

escape velocity or an entry velocity of about 1.1
escape velocities (40,400 ft/sec approaching Earth).

The standard deviation in initial energy cv.._ is
assumed to be 0.01 and is not considered further

herein, but two reasons for using errors in initial

energy are (1) to avoid coincidental unique
solutions possible with fixed values and (2) to
make some allowance for midcourse variations in

velocity. The initial nominal value of perigee
P_ is assumed to be the target perigee Pt_, 1

radius, or tangent to tim planet sm'face. This

implies that t,he midcourse guidance system has
sufficient resolution {o aim at, the surface instead

of the center of the planet. The linear com-

ponents of the perigee error ae,_ used to generate
a bivariate distribution, are assumed to be 2

radii, thus allowing initial errors up to, say, 6

radii for particularly bad saanples. The initial

range R_ of 100 radii and standard deviation

_a.t of 10 radii are assumed and will not be con-

sidered further. The large error in initial range is
used, first, to maintain the previous assumI)tion

that coasting flight between readings is used to

avoid the need for the vehicle to monitor its range,

and, second, to prevent the development of

unique sampling-rate schedules keyed to a

particular initial range. The assumed entry

corridor APz_m, of +0.0025 radius (+10 miles or

8.7 Int. naut. miles approaching Earth) will be
considered furtlwr.

The second gToup <ff assumed values includes
the errors in measurement instruments and the

planet terrain uncertainty, as were discussed

previously in connection with the basic accuracy

of trajectory determination. These assumptions

will all be considered ]atcr except t.he clocking

error aa,, assumed to be 0.01 percent. This roTOr,

representing about I0 seconds per day, is not a

stringent requirement but nevertheh'ss has little
influence on results.

The third group of assumed vahws specifics the

control propulsion devices, though the lqst impulse

size Al't_t is possibly better considered a timer]on

of guidance lode. Values of A,, A_'max, and A1_

are assumed to be 0.I, 0.1, and 0.001, respectively,
and are considered later. Since AI:_,_ as assumed

is much larger than the maximum requirement, it

is essentially unspecified for tim reference case.

Assumed or optimized values of guidance logic

are listed in the last group. The range of the
sensible atnmsphere R_t,_, assumed 1.02 radii

(80-mile or 70-Int.-naut.-mile altitude for Earth),

and the "new data coefficient" /c,_ will not be

considered further, the latter term represenling

the increase in range or time-increment steps used

when the data reduction fails. Thus, if breakdown

of data reduction occurs, the original step size is

increased by 10 percent and a new second reading

is generated, and so forth, until a valid result is

obtained. Of particular note is the close corre-
spondence of time increments for tit(. three planets,

namely, 4.7, 4.8, and 5.4 minutes. Thus, the

times associated with computer speed and dynamic

attitude control represent roughly the same equip-

ment requirement for approaches to any of these

three planets.

;Results of reference case.--The accuracy of
guidance for the reference case is illusirated in

figure 12(a), where tile number of vehicles com-

pleting the approach with a given true absolute

miss distance !5P_! is shown as a function of miss
distance. The assumed allowable miss distance

of 0.0025 radius 14-10 miles) is indicated, and all

vehicles are guided within the entry corridor by

at least 0.00025 radius (1 mile). No significance

is placed on the distributions of miss distance here-

in, except where the specified corridor is missed.
Though the sample size of 100 vehicles is insuffi-

cient to specify probabilities of success greater

than 99 percent, an)" known miss of the target,
corridor indicates a success probability of 98

percent or less and is categorically rejected herein.

Thu.% u_de.+s r_otatio,t is made of vehicles rni._sin.q

thee corridor, it .should be a._,_umed that the de,]red

accuracy ix attai_zed.

The frequency distribution of total AV require-

ments is shown in figure 12(b). The number of

vehMes requiring a given 5V, o_ is shown as a

function of the total velocity increment. Two

important effects are immediately obvious. First,

the average, mean, or mode does not reflect re-

quirements on the guidance system. For example,

the most frequent requirement is 0.007, the mean
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]71(-;URE 12.---Restllts of reference case. Assupmd values

from t'tble II.

is 0.014, and the average is 0.016; while to obtain

a predicted probability of success of 99 percent the

system must be capable of 0.042 escape velocity.
Second, the distribution is poorly defined, particu-
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(b) Frequency distribution of total velocity-increment

requirements.

Fin_rrtE 12. -Continued.

larly in the high AV requirement region of interest.

Avoiding, momentarily, the problem of accu-

rately defining AlTt_t, the cumulative frequency

distribution of AV expenditure is shown in figure

12(c). The ideal velocity increment AV_I is the

velocity increment needed to correct the initial
error in perigee to the nearest boundary of tlw

entry corridor at the range of guidance initiation,

and is interpreted herein as the AV chargeable to

errors in midcourse guidance. This AV_ is not

easily expressed analytically, but is a function

of range, energy, and perigee; assumed errors

_, _, and ae; and the entry-corridor size. The
method of computation is shown in appendix D.

The dashed curve in figure 12(c) is the cumu-

lative frequency distribution of AIe'_ from 10,000

samples, and so should closely approximate the

parent distribution. The curve agrees satisfa('-

torily with the points of the 100-sample reference

case except at the extreme values, as anticipated.

From equation (23), the predic, ted numbers of
exceedances over AVt_ of about. 0.047, 0.041, and

0.0367 escape velocity are 0.01, 0.1, and 1 percent,

respectively. Predicting from the reference case,
a AV_ of 0.0336 escape velocity should be exceeded

1 percent of the time, with a standard deviation

of 1 percent (from ref. 15), while the same /_t',_

"-__ . r-] .i__..r __

A3
80 _-- --

60 -- --

"5

i
40

i

0 .01 .02 .03 .04 .0.5

Velocity-increment requirements, AV, escape velocity

(e) Cumulative frequency distribution of velocity-incre-

ment requirements.

Results of reference case. Assumed values f,'om table II.
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from the large sample is exceeded 2 percent of the

tinw; thus, tile reference ease is in error by I_, a
typical result.

The poor definition of AVtot,,_,: is larg(4y a
result of insufficient resolution in the AVrequired
to correct the a._sumed errors in initial conditions

rather than of poor resolution in ew_luating the

costs due to errors in the approach guidance

system.

The AV capability that mus! be supplied to the

vehicle, in addition to the Al'_d ..... to attain the
desired success probability is defined as

M'_-=M]o, .... -AI]_ .... (25)

where AVe, is interpreted as the velocity-increment

capability requirement chargeable to inaccuracies

in the approach guidance system and will be used
extensively herein. In other words, AI_ is the

"excess" AI r required, because of approach guid-

ance errors and planet terrain uncertainties, over

|hat which an "ideal" system with "ideal"

knowledge would require.

It will be demonstrated that the excess velocity-

increment requirements are not a strong ['unction

of initial perigee errors, and as a result, AI',_ can

be used to evaluate AVtot .... requirements using
any _vcn Al'_a .... evaluated for conditions rea-

sonably close to those used in determining AV,,.
This procedure, x_,witten as

A I't0t .... = A l'ie .... -F AI'_

is used herein to adjust total velocity-increment

requirements with accurately determined AV_a .....

(Computing speed is about 500 times greater than

that of the complete approach guidance system.)

Naturally, this technique does not aid in assuming

initial errors/therefore, 5Vtot,,,_ remains a strong
function of the midcourse guidance system and

beyond the scope of this analysis.

The approach guidance sysicm is optimized

using AI'_, as the principal criterion for good
performance. Tiros, the AV requirements arc

minimized for those samples resuMng in maxinmm

total requirements. A distinction is made between

the desired "difference of maximums,"

, T __ r

At _8=AI/to, .... --AI' _a.....

and the "maxl"mum difference,"

(26)

(27)

since in many cases the "max]'mum difference"
exceeds the "difference of maximums," but the

"maximum difference" is ignored herein because

the total AV requirements for the (midcourse-F

approach) system are not influenced.

I_'om the ranked data used in plotting figure

12(c), the AI'_ is 0.0067 escape velocity (245 ft/
see) with a probability of exceedance of 1 percent

with a standard deviation of 1 percent. From the

10,000-sample evaluation, a At'_a ..... of 0.0,t03

escape velocity is exceeded in a predicted 0.l
percent of the time, and the maximum total

velocity increment, of 0.047 escape velocity (1725
ft/see) should be exceeded about 1.04-1.0 a per-

cent of the time in one additional sample.
Frequency distributions of the number and size

of individual com, ctivc maneuvers arc shown in

figures 12(d) and (e). The number of AI" during
the approach varies from 1 to 6, with a mean of

between 3 and 4 corrections. The system re-

quirement is considered the capability for 6
corrective maneuvers.

The size of individual AV (fig. 12(e)) varies up

to 0.038 escape velocity, larger than the largest
AI'_e in the 100 samples of the reference ease.

No correction is made about, 11}_ times.per ve-
hicle, and a small trimming correction up to

40 I _ I/! Me°n 2 (d) _v [ requirement, 3--

i: f:;:

:5 20 - ::::;I2::2:: _

i I:ii i [ i

0 2 4 6 8

Number of corrections, 4/

(d) Frequency distribution of nnmber of corrective

maneuvers.

FIGURI_: 12.--Continued. Results of reference case. As-

sumed values from table II.
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Individual velocity incremenl, escope
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(e) Frequency distribution of individual corrective

maneuvers.

FmURE 12.- -Concluded. Results of reference case.

Assumed values from table II.

0.002 escape velocity (75 ft/scc) is used an aver-

age of 2}I times per vehicle. An average of 1
larger correction is used during each approach,

usually at the first point, followed by up to 5

trimming corrections.
The assumed values of the reference case will be

used throughout this analysis except where noted
otherwise, such as in the next, section where the

effects of guidance logic on the optimization of

performance criteria are discussed.

EFFECTSOF GUIDANCELOGIC

Other factors affect the performance of tile

approach guidance system in a fashion similar to
the factors considered specifically "guidance logic,"

particularly the minimum limit on individual

velocity-increment size A_,. This discussion,
nevertheless, will be restricted to analysis of the

effects of optimization of arbitrary eoefficient,s

that are uniquely the Iogie of guidance; namely,

the factors defining the sampling-rate schedule

and tile dead-band and damping coefficients.

The primary criteria in optimization have been

described as the excess velocity-increment require-
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(b) Effect of maximum step size on number of corrective

maneuvers.

Fw, rnE 13.--Effects of guidance logic. Assumed wflues
from table II.

ment AI',, and the ma.'dmum number of corrective

maneuvers Nm_,. In many respects, however,
additional criteria for selecting good performance

must be introduced; rot. example, the sensitivity

o[' the system to larger measuremonl, errors. Even

so, the selection of some factors remains arbitrary.

Data-sampling rato.--The logic of determining

the size of reading incremenls is shown in figure
10. The effect of maximum step size kR,,,_, on

the excess veloeiiy-inerement requiremenls is

illustrated in figure 13(a) for variation of AR,_,_

around the re_'erenee point, at 10 radii (40,000

miles, 35,000 Inl. naut. miles). The excess

veloci(y increment &l_, decreases with aR,,=_,
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since smaller steps permit correction at longer

range, where AV requirements to correct a given

error in perigee are less (see appendix B). For

small initial steps, such as 5 radii, the data-

reduction methods are modifie(1 1o permit rejection
of bad data and tile acquisition of more data until
useful results are obtained. The maximum num-

ber of corrective maneuvers during the approach

_\_,,,_ is shm_m as a. function of AR,_ in figure

13(b). Decrease of AP,,,,_= from 10 to 5 radii

increases ._r .... from 6 to 12 in addition to causing

complications in data reduction, though the large

.\_, at 5 or 15 radii could be reduced (partially)
by reoptimization. The reference wdue at

.020 --

&
"J .ol6 ......
,3

gZ"

;__> _ __

• .008

.004 ......
la.l

o
(c)

i[
12

o

° 1]:ii:
(d)

0 .i5 .30 .45 .60 .75

Step-size coefficient, kR

(c) Effect, of step-size coefficient on velocity-increment
requirements.

(d) Effects of step-size coefficient, on number of corrective
maneuvers°

FmeEz 13.--Continued. Effects of guidance logic.
Assumed values from table II.

kRm_,=10 radii is selected to cause near-optimum

AI_, without (lata-reduction eomt)lications.

The effect of the proportional step-size coeffi-

cient /oR on al'_, and i\"_ is shown in figures
13(e) and (d). The sampling-rate scheduq[e be-
tween the first and last few corrections is assumed

proportional to the range of the initial reading of
a pair and defined numerically by/c_. Combina-

tions of relatively low AI'_, and .\r .... are possible

over a wide range of kR, representing increments

or from 15 to 50 percent of the range of the first

reading. The large scatter is due principally to

the mismatch of logic. It. is concluded, however,
that the sampling rate between the frst and last

corrections has relatively little effect on system
performance and can lie used as a variable in

optimization of other logic. The reference value

of k_=0.3 is selected to allow gTeater tolerance

to component system errors, and, in general,

choice of optimum values is not obvious.

Tim logic of increment size at the cutoff of

active guidance prior to entry is defined numer-

ically by the time increments associated with
data reduction and corrective maneuvers and

is discussed under "Requirements on System
Components."

Dead band and damping.--The logic of the final

correction prior to entry is considered first. The

dead band and damping for the last increment

are both alined to the specified corridor size and

defined numerically by the coeffMent k,., or "miss

coefficient." The purpose of using modified logic

(fig. 11) just prior to cutoff is to ensure a high

probability of guiding to within the limits

4-AP.,... The ('fleet of k,_ in controlling the
maxinmm target miss distance Ap,,,= is shown

in figure 13(e). As anticipated, increasing k,,,

results in increased accuracy at. cutoff, with a

minimum or 1.5(cr) required to cause all vehicles

to hit the specified entry corridor of 4-0.0025
radius (+ 10 miles).

Partly because of the use of k_ in normal logic
as well as at cutoff, k,, has some unexpected effects

on Alx, (fig. 13(0). For ]c,,, larger than 2.0, the

correction at cutoff is increased as ]c_ is increased,

and the total velocity increment due to approach

guidance increases from 0.0052 to 0.0108 as k,,,

varies from 2 to 3. Unexpected, however, is the
increase in At'=, as k,,, is decreased front 2.0. The

increase is due to the reduction of required cor-

rections in the increments prior to cutoff and
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results in increase(| AV at the fina[ correclio%
which is larger since range is reduced. No ira-

portancc is placed on lhc low AI.%., at k',,, of 1,

since the desired accuracy is ]lot, obtainc(l with

k,, below 1.5; but the trend is lypical of the inter-

actions in logic that can occur and resulis h'om
reduced corrections in both the lasl few incre-

ments and the last increment.

The reference wflue of k,,, is sehwted as 2.5 to

give greater margin in parametric studies, which

results in an increase in al'_ from 0.0052 for /c_

O[ 2 t,O 0.0067 escape velocity, a diff(,ronc_ o[

0.0015 cseape velocity (55 ft/sec).

The effects of the dead band in normal logic
are insignificant because of the large 5V,,,_, used in

the reference case. As a result, but not a generM

conclusion, the dead band couhl 1)e omitted fi'om

t,he logic of the reference ease, and the effects
are not shown.

The effect, of varying the damping eoefIicient

kDM on AI%, is shown in figure 131g). The AI%,

is relatively large at. ko,vr equal to 0, 1, and 1.5

or greater, but two regions of good performance

occur, one wit]l "' "hght damping and the second

with "heavy" damping. The {we regions of

low _I%_ are typiclfl, have been found over wide

ranges of probh, m definilion and guidance-logic

optimization, and arc due to the tradeoff be-

tween rapid correction at longer range wiih low
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damping and reduced overcorrection with high

damping.
The smaller of tile two minimum values at

At_, depends on problem definition; thus, with

with larger measurement or initial perigee errors,

tile more heavily damped system is favored with
koM about. 1.35. For smaller errors or to cause

the system to be less sensitive to M" execution

and measurement errors, the damping coef-
ficient of about 0.25 to 0.5 is preferred.

The effect of km_ on the maximum number of

corrective maneuvers is shown in figure 13(h).
The minimum requirement, 6 corrections, occurs

at a damping coefficient of 0.5, influencing a

slight compromise in AI'_, in selecting the reference

value. The region of low AI,L_ at kD,_=l.35

is assocmted with N,_,_=8, and it is not generally

possible to reduce Nm,= by reoptimization of

other logic while using high damping.

It is concluded that the optimization of guid-
ance logic permits selection of good performance

over a wide range of optimization criteria, with

a significant choice of parameters available to

allow near-optimum performance for those cri-

teria not specifically desired. Thus, when par-
ticular system requirements and tradeoff costs

are available, the logic (including herein the

sampling-rate schedule kR and AR,_, and the

dead bands and damping k,,,, kDm amt kOM) can

be optinlized to yield the desired combination

of 2xI_, ._ ..... sensitivity to errors, computing

problems, and target accuracy.

REQUIREMENTS ON SYSTEM COMPONENTS

As an indication of the interaction between

component Systems of the guidance scheme and

as an evaluation of requirements on component

system perf'ormance, the sensitivity of guidance-
system performance to the capabilities of asso-

ciated components is analyzed parametrically.
Of particular interest are the sizing or propulsion

devices, accuracy requirements for corrective
maneuvers, and the factors associated with data-

reduction speed.

Sizing of propulsion devices.--Relations for cor-

rective maneuvers (appendix B) were derived

assuming that trajectory modification results from

essentially impulsive velocity increments followed

by periods of coasting flight to account for the

tinw of firing finite-thrust engines. The effects

of changing vehMe acceh'ration capability A_, or
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FIGURE 14.--Evaluation of control engine requirements.
Assumed values from table II.

engine size, are thus interpreted from the effects

of changing the duration of coasting after an

impulsive correction. The excess velocity in-

crement AI:_ is shown as a function of Ao in figure
14(a). Decreasing +l, from the reference value

of 0.1 (6.4 ft/see 2) causes only slight increases in

aI'_. Because of the cutoff criteria, the range of

the final readings nn,st be increased until, with

+t_ about 0.01 (0.6 ft/sec-'), the accuracy of guid-
ance is reduced. The variation of A; .... as A_ is

decreased (fig. 14(t>)) is also insignificant except
for the mismatched point at 0.03.

Some caut ion should be exercised in interpreting
the limiting value of 0.01 (0.6 ft/sec2), or a thrust-

weight ratio of 0.02, because of the optimistic
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FIGURE 14.---Continued. Evtduation of control engine

requirements. Assumed values from table II.

nature of the assumptions. On the other hand,

there is no limit on the maxinmm acceleration

capability; but problems of accuracy in measm'ing
AV and attitude control make the use of large

control engines impractical.
Limits on the maximum velocity increment for

any single eon'eetion At_,, are considered pri-
marily to determine the problems associated with
the use or unreeled propulsion devices. For fixed

acceleration capability, al;,,,, becomes a limit of

firing time. The al'm_, assumed for the reference

ease, 0.1 escape velocity (3670 ft./sec), is not. a

limit, since the maximum demand is 0.04 escape
velocity. The effect of reduced AI,,,_ on _V,, is

5954,_8--61 --5

shown in figure 14(c) ; and, as anticipated, no effect
is indicated for AI'_ of 0.05 escape velo(.ity

(1835 ft/sec), since the limit is still larger than the
demand. With Al,_a, of 0.03 escape velocity,

there is some delay in making initial corrections,

and :xV,, increases slightly; but for smaller A1_=

the delays in executing corrective maneuvers be-
come important and AVe, more than triples i in

addition, the target or 4-0.0025 radii (4-10 miles)

is missed. The effect on 5,r,, (fig. 14(d)) is

similar, in that for A1"_ greater than 0.03 escape

velocity there is no effect. For AV,,,z less than

0.03 escape velocity, the large initial AV are re-

placed by several smaller corrections, and ._ .....
increases.

It is concluded that propulsion devices must be

capable of velocity increments for a single correc-
tion of about 0.03 escape velocity (1100 ft/sec)
or about three-fourths of the maximum ideal

velocity-increment requirement of the reference
case. The assumptions concerning impulsive lra-

jectory modification with finite coasting periods
do not. materially influence this result, since the

effects arm noted at long range where time incre-

ments along the trajectory are relatively long.

The data-sampling rate in guidance logic (AR,,_

and /CR) and the assumed initial trajectory and

errors, however, do influence _,I"_= limitations

significantly. Thus, the _ddance system will t)e
more sensitive to limitation of individual correc-

tions if fewer correction points are available (i.e.

larger AR,,,_ and kR). As the AI'_ .... is varied
with the assumptions of initial trajectory and

errors, such as E and ap, it is anticipated that the
limit a$_ will remain of the order (_,0AV_,,_,,.

Limitation of the minimum allowable velocity

increment for a single corrective maneuver AV,,,

may be desirable to reduce the startup and shut-
down losses for the majority of corrections. The

limit does not apply to the final AV prior to cutoff

(fig. 11), since glfidanee accuracy would be con-

siderably reduced if the final trimming correction
were omitted. In addition, AV,,,, has been indi-

cate(1 previously to t)e useful in reducing the
number of corrections used during the approach.

The effect or varying A$;,,,_ from the reference

value of 0.00l escape velocity is show11 in figures

14(e) and (f). Reducing A1"_= to 0.0005 or
0.0002 (,scape velocity causes N,,,_ to increase to

11 or 14 of a possible 15 or 16 corrections. Since

A_,, acts essentially as a (lead band in guidance
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FIG[rilE 14. Concluded. Evahmtion of control engine
requirements. Assumed values from table II.

logic, AI;, increases as Al_. decreases, but de-

creases again at 0.0001 escape velocity as a good

combination of logic is established, much in the

manner of ligure 13(g). Reoptimization of logic

may permit AI_, of about the reference value for

AI;,,,,, })eiween 0.0001 and 0.00l escape velocity,

1)tit the attempts at, reoptimizat,ion in(li('41te that

AL .... caroler be effectively re(hwcd using dead

bands and damping alone.

Increa_ng the minimum allowable velocity in-

cremenl, above 0.001 escnpe velocity reduces the

number of corrective maneuvers from 6 to 5 but

results in an essentially overrestrained system re-

quiring larger AI_:, which increases to 0.017 escape

velocity (625 R/see) for AI.,.,, of 0.005 ('scape

velocity as shown, then lea(ls to comt)h, te failure

in guidance accuracy for .iV,._. between 0.005 and

0.01 escape velocity (not shown).

Accuracy requirements for corrective maneu-

vers.--The purpose of distinguishing errors in the

control of AV from errors in the knowledge of the

resultant increment after execution is discussed in

deriving the relations used in the analysis (appen-

dix B). Briefly, again, it is desired to separate

the requirements for dynamic control h'om the ac-

curacy requirement of ZV measurement.

The performance of the guidance system is ex-

pected to be insensitive to errors in controlling the
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FmvaE 15.--Accuracy requirements for trajectory modi-
fication. Assumed values from table I[.
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FIGURE 15. -Continued. Accuracy requirements for

trajectory modification. Assumed values from tal)le II.

relatively small corrective maneuvers during the

approach, simply because control errors in one
nl" are corrected in a later At: As the cutoff

range is approached and accuracy becomes critical,

the error coefficients decrease and AV is generally
small.

The effect or errors in controlling the direction of

AV on AVzs and N ..... is shown in figures 15(a) and

(b), where the standard deviation of flm_, is varied
from 0.0004 radian (80-see arc) to 0.1 radian (6°).

There is no effect on the velocity-increment re-
quirement or the maximum number of correclive

maneuvers for errors as large as 0.08 radian rms

(4.5°). For larger z_, .\_,,,, increases to 10, but

AI_ increases only slightly.

The effeels of magnitude errors any axe shown

in figures 15(c) and (d) for aav larger than the

reference value of 0.l percent rms. Primarily be-
cause of the low probal)ilities of several successive

large control errors, the maximum values are not

well deft,led, and a clear trend of AI'=, and _\_

variation with O-av is obscure. The iml)ortant

resulG )lowcver, is that the guidance system will

perform at all with errors as large as 10 percent
rills.

Thc effect on alS_ and N,,,._ of errors in measur-

ing the direction B..... a_, simultaneously with
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of AV on nunlber of corrective maneuvers.

Fmvnn 15.--Continued. Accuracy requirements for

trajectory modification. Assmned values from table

IL
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errors in controlling the direction a0 is shown in

figures 15(e) and (f). Tile trend is approximately

that or figures 15(a) and (b) for cont.rol errors
alone, indicating that the loss of trajectory

knowledge due to `'_0 is negligible in ('fleet on

guidance-syst.em performance.
The magnitude errors, <r,_v and o-zar, how-

ever, have more effect on AI_ and A_,a=, as shown

in figures I5(g) and (h). Again, the dct,ails of the

trends are obscm'e, t>ut guidance to the :£0.0025-

radius (:E10-mile) corridor is possible with inde-

pendent errors `':v and `'aav both as large as

10 percent rms, but. at a cost in AIG, of double to

triple the cost. wit.h 0.1-percent en-ors.
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Ftc, vrtE 15.---Concluded, Accuracy requirements h_r

trajectory modifie'_tion. A_umed values from table II,

Limiting values of the four errors associated
with corrective maneuvers, namely `'¢ and <ra,

in execution, and ,,so and `'_ar" in measurement,

have not been evaluated, since accuracy or the

order 10 percent in magnitude and 6° in direction

should be easily obtained by present standards

(ref. 8 or 17). The large tolerance of the system

could then be applied to other problem areas.
It. cannot be overemphasized that these large

tolerances to errors in corrective maneuvers are

due, for the most part, to the use of multiple-

correction guidance. Ir a fixed number of cmTee-
tions (say, 3) were used, the accuracy require-

ments wouhl be much more exacting.

Computation-speed requirements.--Timc incre-

ments along the trajectory, such as the minimum
reading increment Ar_., and the time increment,

for data, reduction, orienting the vehicle to exe-

cute a correction, and reorienting the vehicle to

commence data acquisiiion, are of interest, since

component system requirements can be estimated

from the sensitivity of the guidance system to these
delays.

The minimum reading increment size .St,,, has

two functions in gmidance logic: (1) to establish

the time, or range, of the initiation of cutoff logic,

and (2) to prerent very small reading increments

where accuracy could be unsatisfactory. Increas-

ing ,Sr,,,, from the reference value of 0.5 (about
5 rain for Earth, Mars, or Venus) causes a small

increase in ,SVx,, since tile second-last M:" is made

at longer range where `'_: is larger. Therefore, the

last. correction requires larger _P and thus

larger +51, since the cost increases as range
decreases.

The times required to reduce data, reorient the

vehicle, and so forth, associated with the use of

eorre('tive maneuvers and lumped into one term
called "reorientation time" kr,,o_, affect directly

the range and thus the accuracy of the last reading
increment. Thus, accuracy is reduced as 5r,,op

increases, but ._I_, is also reduced. For _r,ov or

the order 1.5 (15 min) the second-last readings

are also affected significantly and ,_V_ then in-

creases. For the reference case At, top is assumed

as 0.5 (5 rain) as a compromise between low _Xi_:

and a reasonable accuracy margin at the 4-0.0025-
radius corridor.

The limitations on <lata-rcduction time can be

inferred by assuming tILe attitude-control-system
response fast rel'nive to minutes and varying
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Arm,_ and '3r_to_, together. Since data must be re-
duced before a correction is determined whether

it is executed or not, kr,,,,, and Ar.+_ovboth must 1)e

a.t least tile time required t) 5- the compulation.

Effects on AI_, and .\_ .... are shown in figure 16,

where [he number of corrections and the velocity

increments increase with data-reduction lime,

and with times of the order 2.5 (25 rain) resulting

in aeceptal)le g,qfidtmce accuracy. As kr,,,_,, and
Arstov arc increased to 3.0 (}._hr), target accuracy

is not attained, however.
The data-reduction time limitation of about 25

minutes for either vehiele-eonlained or _'ound-

based computers for approaches to entry at Earth

does not presenl a di/tieult problem. (The simu-

Z.o,4 I I ....

r : I -- -;7(

; 8.008 j .......

21L
004 ........

I
O' ' '

16--. I

g I

12 .....

8 '-- I

E "--,

4 ...... I

O' .5 _..0 1.5 2.0 2.5

Data-reduction time, Arm/a and Arsto. o

(a) Effect of data-reduction time on velocity-increment

requirements.

(b) Effect of data-reduction time on number of corrective

maneuvers.

FIC, URE 16. --Computation-speed requirements. Assumed

vMues from table II.

la_ed compulation, though simplified, requires

abotlt }{ see.) The use of Ea,'lh-based computers

for approaches to entry at Mars or Venus may be

difficult because of relatively long transport times

(from 6 to 30 min for two-way eonmmnication)

and the high power requirements for rapid trans-

mission of data (ref. 8).

Great caution should be exercised in interpret-

ing this limita.tion, since lhe sensitivity of the

guidance system varies eonsiderat)ly with problem
definition.

It should be noted first that .Xr_, and _r, top, or

.-1_, have significant effects only at. short range near
ent, tT and therefore are not influenced by problems

of assuming initial errors in trajectory. The data-

reduelion time (Ar,,.,, and Ar_top) and the engine

size are competing for the same time and thus
influence each other.

Mission energy, entJT-eorridor size, planet sur-

face uncertainties, and basic measurement ac-

curacy all have a major influence, however.
Therefore, from the specified corridor size, the

range at, which suffMent accuracy can be a,ttained
is determined from the instrument ca'ors and the

surface uneerlaintv. From the energy, then, the
time to entry can be determined and is the time
available to reduce data as well as to exeeut.e the

correction. Forexaml)le ,allowabledata-reduction

time varies roughly as the inverse of eat W

velocity. For an ent_ T at 60,000 feet per second,
the allowable time is reduced from 25 to 16

minutes.

EFFECTS OF ERROR, TARGET, AND TRAJECTORY
ASS Uq_lPTIO NS

The discussion of guidance logic and require-

ments for system components has centere(t on the
assumed measurement errors, trajectory errors,

and problem definition of the reference case as
summarized hi tal)le II. Ttw effects or these as-

sumptions on the gmidanee system are considered

in the following sections.

Results are presenled in parametric form to
illustrate the effects of individual assumptions; in

general, trends are presented without reoplimiza-
tion of guidance logic. Though reop{imization has

been performed in many eases, attd because

improvement in performance over that of the

reference logic is relatively small, the results will

illustrate the logic of the reference ease where

possible. I[owever, since the maximum nunIber

of con'eet.ive maneuvers during the approach to
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entry is sensitive to the guidance logic, results
without reoptimization are of little interest and
will not be illustrated. As shown in the discussion

of guidance logic, the number of corrections can

lie minimized at small cost in total velocity-
increment requirements.

Because the assumption of initial errors in

trajectory, namely perigee errors, causes tire

_'ealest uncertainty in ,5I" costs of approach

_tidanee, it is considered first. It is not tile

pin'pose here to predict the performance of mid-

course guidance systems; on the contrary, it is
desired to illustrate the costs in approaeh guidance

resulting fl-om residual errors in midcourse guid-
ance. Thus, tire costs of inaccuracies in spproach

guidance systems can be assessed, and some trade-

off consideralions reflecting requirements for mid-

course systems can be implied.

Second, the effects of entry-eon'idor limita!ions
on tt_e cost of guidanee are presented to show some

tradeoff considerations wilh the entry vehicle
requireme_rts. In this section a choice of "repre-

sentative" corridor-size specification is described

for use in the final section, where the effects of

mission energy and basic measurement accuracy
are illustrated.

Effects of initial errors in trajeetory.--The initial

data acquisition of the approach guidance system

is assumed to occur at a range R along a trajec-

tory given l)y energy E and perigee P. Errors
are assumed in the initial values of the three

parameters.
The initial range is assumed to be 100 radii

(400,000 miles, 350,000 Int. naut. miles) with a

standard deviation of 10 radii (40,000 miles,

35,000 Int. naut. miles). Since it, is desired to

avoid specifications that by implication require
the vehicle to monitor range, large errors are

anticipated. Tire specific value of 10 radii, how-

ever, is used to avoid unique sampling-rate
schedules and causes the maximum ideal AI"

requirements to increase about 15 percent because

of the reduced range of the first correction. With

a single measurement of 0.0002 radian rms (40-

see arc), the initial range error would be about

1 radius rms if monitoring were assumed.

The assumed irfitial error in energy z_ is 0.01

(unit,s of escape velocity squared) and has little
affect on results.

Details of the generation of initial perigee errors

are shown in appendix D. Results are presented as

a function of the standard deviation of the linear

components used to generate the bivariate distri-

bution. The AI r costs of correcting given errors

in perigee are shown in appendix B, and the
maximum 'AI r is indicated t,o occur when the

direction of rotation around the target l)lane! must

be changed. The cumulative frequency distribu-
tion for errors assumed in the reference case is

shown in figure 12(c).

The 5V costs of guidance presented herein are

interpreted from the worst probable cases; thus,

only the combinations of initial errors in perigee,

energy, and range that cause the maximum AV

for correction reflect in system requirements. It
would be feasible to define the maximum errors

in initial conditions rather than the distributions

if errors from which maximum AI" costs would

result could Ire determined. Knowledge of distri-

butions, however, is nee(led to define the frequency
of oecurrenee of "worst" probable eases. In

addition, other causes or mission failure such a_

too many corrections, breakdown in computation

methods, or missing the entry con'i(hu" arc not
correlated with maximum AV requirements; and

distributed errors are necessary in system
evaluation.

The ideal veloeity-incremen'_, requirements re-

suiting front I0,000 saml)les and the assumptions

of tire reference case are shown in figure 17 as a
function of ,_p. The curves arc the maximum,

tenth, amt hundredth ranked kI" and shouhl be

exceeded 0.01, 0.1, and 1 percent of tire time in

one additional trial, respectively. Tile probability

of not exceeding (lie curves is then 99.99, 99.9,

and 99 percent, respectively. The rapid increase

in kl'_e with (r,, in tire range of o'p from 0.3 to 0.7

radius is again due to the nonlinearities of the
parameter P and ttle specification of a given direc-

tion of rotation. Tile -_I'_a varies h'om 0.001 {o

0.15 escape velocity (37 to 5500 rt/see) rot. lhc

range from 0.1 to 10 radii (400 to 40,000 miles,

350 to 35,000 Int. naut. miles) in the standard

deviation of the linear distribution used to g_n

crate the bivariate (lisiribuiion of perigee errors.

The AV,, required (luring the approach phase

because of residual errors in mi(leourse guidance

can be evahmted easily for any given maximum

AP or, with a little more effort, from any given

distribution of trajectory errors, the results shown

in figure 17 being just one example.
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not the maximum associated with large AI-,a as

for larger _, where optimization was performed.

Effects of entry-corridor size.--The target of

guidance of the reference case and the previous
discussion is assumed to be an entry eon'idor

around the nominal t.arget perigee P¢,,_-I radius

of -!-,0.0025 radius (:E 10 miles approaching Earth).

The effect of varying the target miss distance

allowat)le _XP,,,,, is shown in figure I9. Reducing

The additional AV required to execute the

corrections due to errors in the approach guidance

system is shown in figure 18, again as a logarithmic

function of ap. The excess velocity increment
_I.'_ varies from 0.005 to 0.0115 ese,_pe velocity

(185 to 420 ft/see) as (r+, varies from 0.1 [o 5 radii.

For the same range of ae, AV_, varied from 0.001

to 0.08, or 80:1 relative to about 2:1 change in

AI;_. Roughly, then, the AV cost due to the

approach guidance system remains ahnos( con-
stant as ap is varied, with the result that the total

velocity-increment cost of approach guidance can
be predicted readily for given ideal _I" require-
ments.

In gq'eater detail, AI_ in figure 18 increases

with _: for _e greater than 1 because of the gn'e'tter

errors in perigee determination for large P (fig. 7).

For <rp less than 1, _I\a is smaller; therefore,

AVe, is roughly the maxinmm of the entire family,

_ ,OI2 -- d_ie; uidanc-e logic 7

._._ _ _ --_'-_-

;o g .oo8 _-

g 004 ,- t- I--

i _ I 1 t [

_'IG tYRE
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Entry-corridor size, APh'm/t , radius

19.--Effec_ of entry-corridor size. Assumed
wflucs from table II.
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AP,,,, h'om the reference value of 0.0025 to 0.001

radius results in an increase in aI_, of about 0.002

escape velocity (75 ft/sec). (Ill computation, this

result is obtained by specifying AP,,_,=0 and

using the maxinnml miss distance as the minimum

corridor obtainat)le.) A minimum miss distance

of 0.00l radius (4 miles, 3.5 Int. naut. mih.s) is

possible with the guidance logic or the reference

case; but, by modifying the logic (kDB= 1.0, X'mt--_
1.0), a corridor of 0.00086 radius is attained at an

increase in AI_ or about 0.003 escape velocity
(110 ft./see). Even smaller target corridors can

be used if the requirements on the performance

of the data-reduction computation system arc

increased; thus, by assuming an essent.ially zero
data-reduction time, a corridor of 0.00055 radius

(4-2.2 miles, 1.9 Int. naut. miles) is obtained

using AI"._ of 0.015 escape velocity, more than

twice the reference value. Smaller largc[s are
not anticipated with tile assumed planet uncer-

tainly of 0.0002 radius.

The excess velocity increment _l'_s decreases

only slightly as corridor size increases above

0.0025 radius, since the system can l)e optimized

with little regard for accuracy at the reference

value. Tile ideal velocity-increment requirement

also will change only slightly, since AP.,,,. is
insignificant with respee_ to initial errors in

trajectory.

The miniature corridor at tainal)le wit h guidance
logic optimized to reduce AI'_, is considered a

representative compromise in accuracy and al"

cost. Tile wdue of .1I_=0.0088 escape velocity
with _P,,,, of 0.001 radius is used in the next

section, where the effects of energy lewq and
instrument, accuracy are estimated.

Effects of energy and instrument accuracy.--

The effeets of mission energy level, or hyperbolie
velocity, and basic instrument accuracy on the

cat)abilities of the guidance system are illustrated

in figure 20, where the total velocity-increment
requirements are shown as a function of the mini-

mum efficient corridor size, as described in the

previous section (fig. 19). Lines of constant energy

are shown at 0.2, 1, and 2 (hyperbolic velocity

of 16,400, 36,700, and 52,000 ft/see or entry ve-
locity of 40,400, 52,000, and 63,500 ft]see, respec-
tively). Dashed lines of constant instrunicnt

accuracy are shown for ¢,,_ of 0.0001 to 0.0006

radian (20-see arc to 2-min arc, rms), and control

of tile direction (and measurement of tile direction)

2
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FIGURE 20. Effec|s of energy and m(_asilromenIL accuracy

on total veh)eity-inerement requirements and _arget

accuracy. (¢¢ and ¢6,_ equal twice ¢,,,.,,; AR,_==15

radii for ¢,,,,, 0.0004 and 0.0006; AI"t_,t varied as

necessary; other assum(-d vahws from table II.)

or _1" is twice the basic measurement error, but
timing errors are fixed a,t, the reference value of

0.01 percent.

It. is necessary to increase the estimated size

of the last, corre(qion ',M:t,._, to prevent attempte(1

firing of control devices in the atmosphere in some

cases. Also, the initial reading increment size

'-X/?m=:is increased r,.om 10 to 15 radii for the larger
measurement errors to reduce the numl)er of spe-

cial calculations. In other respects, the logic is

that of the reference ease with _P,,,, set to zero.

Data have been adjusted using the 99.9-percenl

curve of figure 17; therefore, the probability of

exceeding the .£l:zo, shown is about 1 percenl.

The corridor a ttainabh, with guidance logic op-
tinfized to minimize ,M:,o, increases more with

energy lhan anticipated fi'om lhe standard devia-

lion of trajectory determination (fig. 8), since the

times along the trajectory are reduced whih,
the times required for data reduction and the

execution of corrective maneuvers remain fixed or

increase. Accuracy is still determined ahnost en-

tirely in the last increment; and R_u, is increased,
since larger ,.XV must be obtained with a fixed

acceleration capability ..1_ in addition 1o the
increases due to data-reduction time.
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Tile AV:_ increases with energy level (not shown)
from roughly 0.009 to 0.014 or 0.025 escape ve-
locity for E_ increases from 0.2 to 1 or 2, in
addition to the increases in Al'i_ from 0.040 to
0.063 or 0.094 escape velocity. For measurement
errors h,ss than 0.0002 radian rms (40-see arc),
then, tile AI'to_ increases from about 0.05 (E----0.2)
to 0.0S (E-=I) or 0.11 (E--2) escape velocity.

As instrument accuracy is increased from the
reference value (40-see arc), the entry corridor is
reduced. The effect, of uncertainties in planet
terrain prevents further reduetion, however; and,
furthermore, larger ze.o than assumed herein wouhl
increase the target obtainable regardless of the
instrument accuracy. As instrument errors are
increased, the corridor size increases, particularly
at high energy where times along the trajectory
are reduced. Thus, the AU" of the last con'ection
increases to about 0.02 escape velocity (730 ft/sec).
Tile Al:tot also increases, but it shouht be noted
that instruments with an accuracy requirement
of 2-mim_te-arc standard deviation are less precise
than current expectations.

Figure 20 is interpreted as a rough demonstra-
tion of the abiliU( of the guidance system to
control vehicles to entry corridors of the order
-4-0.0035 radius (+14 miles, 12 Int. naut. miles)
from approach velocities up to 63,500 feet per
second ill spite of instrument, capabilities of the
order 0.9006 radian (2-rain arc) rms. The total
AV requirements increase, naturally, for larger
measurement errors and higher velocities, but the
total cost is still uncertain because of the residual

errors in midcourse guidance. The AV chargeable
to approach guidance is of the order 0.04 escape
velocity (1470 ft./sec) for tile worst ease shown,
where the total requirement is 0.13 escape
velocity (4770 ft/see).

These AV requirements may be compared with
the retrothrust for decelerating the vchMe without
atmospheric braking, about 30,000 feet. per second
to cause an elliptical orbit and more than 60,000
feet per second for a low-velocity landing or
en try.

CONCLUDING REMARKS

The optical guidance system is considered ca-
pable of controlling vehicles to entry corridors of
the order _5 miles (10 miles high) if instruments
accurate to about 40-second-arc rms are used, or
to about 4-15 miles using 2-mimtte-arc instru-
ments, hnproved instrumentation will not result

in smaller enl W corridors than about tile maximum
uncertainty in planet terrain, assumed to be 0.8
mile rms for ex-aluation purposes and preventing
high success prol)abilities for corridors h,ss than

4-2 to 2.5 miles. Increased mission energy, or
velocity, tends to increase the minimum corridor;
for example, increasing the hyperbolic velocity
from 16,000 to 50,000 feet per second roughly
doubles the size of the smallest corridor that can

be attained efficiently. The corridor sizes are
generally well within the aerodynamic capability
of lifting entry vehicles fiefs. 1 and 18 to 21).

Relaxation of entry-corridor-size specifications
above the values indicated has only minor effects
on the total velocity-increment requirements.
Some reduction in system compom, nt requirements
can be obtained, however.

Velocity-increment requirements due to inac-
curacies in the approach guidance system vary
from about 200 to 1500 feet per second over the
entry-velocity range from 40,000 to 63,500 feet per
second and instrument accuracy range from 40-
second- to 2-minute-are rms. To this velocity-
increment requirement must be added tile cost of
correcting residual errors in midcourse gmidance,
assumed herein, but contributing velocity incre-
ments as high as 5000 feet per second or possibly
more, if midcourse guidance is not used (ref. 22).

Unpublished analyses of midcourse guidance sys-
tems with component accuracies eomparabh' witlt
those herein have been made by the authors.
Results indicate that an ideal velocity increment
of 150 to 500 feet per second may be required to
correct residual errors from such a midcourse

system. Even smaller requirements may result
if a system such as that described in reference 8 is
considered.

For the purpose or rough estimation, total

velocity-increment requirements, with systems of

accuracy level 40-second-arc rms, can be con-

sidered of the order 1 percent of the entry velocity.

The ability of the system to guide efficiently

using instrumentation of nlodest capability is
principally the result of allowing multiph' correc-

tions to reduce trajectory errors at long range

where velocity-increment costs are lower. The
maxinmm number of corrections required can be

reduced t,o, say, 6 through the optimization of

guidance logic with little additional cost in total
velocity-increment reouirements. The decelop-
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meat of propulsion, devices capable of mult@le

firing with high reliability is considered necessary.

Engines may be as snmll as needed to aceelcralc
the vehicle at a rate of _j foot per second squared,

though larger acceleration capability results in

increased tolerance to other systenl component

errors. Minimum engine size increases with in-

strument errors, mission velocity, and data-

reduction lime requirements. Corrective maneu-

vers are executed perpendicular to the direction

to the planet an(1 so will vary in dircction with

respect Io vehicle velocity.

The individual velocity increment, which varies

up to the maximum requirement for correcting

assumed initial errors in trajectory, is interpreted
herein as the change in firing time for fixed

acceleration=rate devices. Attempts to reduce the

maximum individual velocity increment result in

increased total velocity-increment requirements.

The individual corrections just prior to entry must

be variable from zero to about 700 feet per second

in extreme cases or to 150 feet per second with

lower mission velocity or smaller instrument errors.

Excel)t for the final trimming correction, very
small velocity increments are omitted to reduce
the maximum number of corrections at no cost

in total velocity increment or guidance accuracy.

Tolerance of the system to errors in controlling

and measuring the direction and magnitude of

corrective maneuvers can be large (of the order
0.1 radian and 10 percent rms) and so should

cause no new measurement or attitude control

problems. In addition, attitude control or posi-

tion monitoring between the 15 to 20 readings is

not required, but an attitude knowledge may be

desirable to avoid search modes before reading
and to make oblateness corrections in data

reduction.

The time available for data reduction may be as

high as 20 or 25 minutes using 40-second-arc in-

struments for an entry velocity of 1.1 escape
velocities at. Earth, Venus, or Mars. The time

available decreases with increased mission velocity

or measurement errors and with decreased engine

size or entry-corridor size. Twenty minutes may
be insufficient for Earth-t)ased computation when

approaching Mars or Ve,ms 1)ut is more than

sufficient for vehicle-contained computers.

Guidance logic, including the rate of data

sampling and the use of dead band and damping,
man be used to reduce the total velocity increment,

the number of corrections, and tim mnnber of data

reductions, or to increase the target, accuracy and

the tolerance to errors in system components, but

not necessarily simultaneously. For the subject

feasibility study, a reasonable compromise is used;

but, for a specific system, the guidance logic

woul(l be optimized to the criteria of interest or

to eliminate problem areas.

LEWIS I:_ESEARCII CENTER

_'ATIONAL AERONAUTICS AND SPACE ADMINISTRATION

CLEVELAND, OlIIO, December 19, 1960



APPENDIX A

SYMBOLS

Underscored s31nbols are used to symbolize

matrix notation. Matrix terms are not sum-

marized here, however, but are developed in

appendix E.
A,B,C angles in triangulation of basic data

(appendix C)
A0 nondimensional acceleration capability

of vehicle control propulsion engines

a,b,c sides of triangle opposite angles A,B,C
in reduction of basic data (appendix

C)
E nondimensional total energy per unit

mass (eq. (5))

d' total energy per unit mass; discrepancy

in appendixes D and E
F function

G universal gravitational constant
H nondimensional angqtlar momentmn

per unit mass (eq. (6))

h angular nmmentmn per unit mass
k_, dead-band coeffMent in guidance logic

(eq. (19) or (20))

k,)_r damping coefficient in guidance logic

(eq. (22a))

k,, target-miss confidence coefficient in

guidance logic (eqs. (21) and (22b))

kR step-size coefficient in guidance logic

(eq. (18))
at mass of target body

m rank from maxinmm value (eq. (23))
N number of corrections during approach

or number of additional vehicles to

be considered (eq. (23))

n number of velfieles in sample from

which prediction is made (eq. (23))

P or Rp nondimensional perigee range, rp/ro
R nondimensional range, r/re

r range, miles

t time, see
g nondimensional velocity, v/v_

v velocity, miles/see or ft/see

x,y coordinates
_,_ mean number of exeeedances over

rank m (eq. (23))

z substituted quantity (eq. (D4))

_8 angle from normal to R to AV (fig. 23),
radians

angle h'om normal to R to V (fig. 1),
radians

k finite difference; increment

finite difference due to errors

eccentricity

0 angle from perigee to range (fig. 1),
radians

U angle from vehicle x-axis to line
between two stars (appendix C),

radians

¢ standard deviation

r non(timensional time, tvJro

r,o nondimensional time to perigee passage

Ar_.top reorientation time

¢ angle from inertial reference direction
to range (fig. 1), radians

o_ angle subtended by apparent disk of

phmet (fig. 3), radians

Subscripts :
Capital letters used as subscripts refer to the

notation of the primary symbol.
a actual

atm sensible atmosphere

cut last data point (eq. (17))

des <lesired

e escape
end first point in final reading pair

ex expected from calibration data

h hyperbolic

i initial

id ideal

last last point,

limit entry-corridor half size

max ma_mum

meas measured, measurement

rain minimum

nora nominal

o at l)hmet surface

p perigee

r in radial direction
39
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s variable normally positive but used 0

with sign to indicate direction of Ar

rotation (appendix D) A¢

tar target 0
tot total 1
v vehicle

z,y in x or y direction 2

xs excess (eq. (25))

in circumferential direction

time increment

angular displacement

at planet center; zero

before thrust; first data point of tea(l-

ing pair

after thrust; second data point of read-

ing pair



APPENDIX B

ANALYSIS OF TRAJECTORY MODIFICATION

Discussion of corrective maneuvers is treated in

three parts. First, the methods by which the
desired AV is obtained and tile basic cost of

idealized maneuvers arc illustrated. Second, the

effects of inexact control of the desired velocity

increment on the trajectory after correction and

the basic sensitivity to control errors are briefly

considered. Finally, the significance of errors in

measuring the resultant AV after execution and the

effect or these measm'ement errors on knowledge
of orbital elements are studied.

close to the optimum that no furtlwr justification

for its use is necessary. But, aside from the ob-

vious simplification in analysis herein, the simplifi-

cation in computing and control aboard a vehicle
makes the use of circumferential corrections

desirable.

Initial traiectory

DESIRED VELOCITY INCREMENTS

The velocity increment is assumed impulsive in

effect; that is, AV is applied for relatively short
periods ot" time compared with trajectory times.
In order to maintain a flrst-order functional

approximation of the time required to correct the

trajectory with finite propulsion devices, however,

the execution time kr is considered. Assuming a

constant acceleration capability A,, the execution
time is

5V

These assumptions permit, closed-form calcula-

tion during corrective maneuvers rather than

stepwise integration along the trajectory. Where

+xV is small and A, relatively large (so that kr is

short), the errors introduced shouhl l)e negligible.
If, 0rough, significant errors occur, the computed

results will be in error in a direction tending to

underestimate system requirements.

It. is of major importance in guidance to mini-

nfize total AVrequirements for the approach phase

of a mission. It. is logical, then, to minimize AV
for individual corrections. The iterative solution

for optimum perigee modification is discussed and
evaluated in reference 23, where it, is also shown

that the optimum correction is aecurat(,ly ap-

proximated by applying AVnormaI to range, or in

a eircumfiwential direction. The tedious, itera-

tire, optimum solution is then repl,leed l)y a direct

calculation. The circnmfcrctltial avis sufficiently

Radial component
of velocity,
'ql= R2=_' ........... "'--Circumferential

velocity increment,
AV

Final trajectory- \

.-Initial perigee, PIFinal perigee, P2-'"

I
/

FIGURE 21 .---Circumferential corrective maneuver.

Using the notation of figure 21, lbe components

of velocity are

. H (from eq. (6))'Llo=_- (B2)

JI'_=/)=l" sin 3'

so that, for circumferential trajectory modification

where t_ is constant and RI=R_=R,

AV='Vo._--Vo._= [[2--[LR (1 3)
41
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Solving equations (5a), (6a), and (7) for angular

monlcll t tlnl,

H= ± s'P-_ E+-P (B4)

where the sign is determined from lhe direction of

roialion of lhe vehMe around the_hmct. Using

the components of velocity in the energy equation

(5) for any point on the trajectory,

1 2 1 H 2 j_l_ InE+l ,
_=E+_--V_=E+R EI_ T R R 2

(BS)

R_ /-)_ and solving for E.,Equating ""

E EI(R2-P_)+P'2--P1
2 _

R_-/'g
(B6)

which is used in equation (B4) to find IIe, and .XV

cart t)e obtained l)y equation (B3). Thus, the

vch)cit.y increment is direelly eompulcd knowing

IOO

the initial trajectory elements P_ and F._, the

desired perigee P_, and the range of the iml)ulsive

correction. (V,qwre R>>P the change in h'a-

jectory energy is small relative to the change in

perigee, P_--Ph and AV is readily estimaled using

equations (B3) and (B4) with energy constant.)
An example of the -Xl r cost of perigee modi-

fication is shown in figure 22(a) on logarithmie

scales as a function of range. As indicated by

the dashed curve, the AV is approximateb" in-

versely proportional to range except close t.o the

perigee of the initial trajectory, in this ease 2

radii. The initial enmNy is 0.2, representing a

hyperbolic velocity of 0.45 escape vt,loeity. The
cost of correcting the assumed error of 1 radiu_

(4000 miles) varies from 0.006 (220 R/see) at 100

radii (400,000 miles) to 0.4 04,680 R/see) at 2

radii, the perigee of the initial trajectory.

It is apparent from figure 22(a) lhat corrective

maneuvers shouht be exe('uh, d at as long range

as is feasible, and that the AV cosls of delaying
action become subshmtial, (wen prohibitive, as

range decreases.

The variationof &V with the errorin trajectory

isshown in figure22(I)),where the errorAP varies

h'om large positive values, 8 radii (32,000 miles,

28,000 Int. naut. miles), to large negative values,

wtfieh represent the opposile direction of rotation.
Results illustrate AV for correction at I00 radii

(400,000 ruth, s). The increased slope neqr 5P of

-- 1 reflects the nonlinearity in lt_c parameter P as

it approaches zero. The dashed curve shows the

(a) Variation with range; P_=2 r'tdii.

ITI(IITRE 22.- -Velocity-increment eobt of corrective maneuvers.

!!!_"'"'___ "_ _ Direction of rotation
Specified
Unspecified

_i!iv!!i!!q

6

Initial energy, 0.2; Pa=P_o,=I radius.
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AV required to correct to r_ perigee of 1 regardless
of the direction of rotation, and reflects the in-

creased cost incurred by specifying the direction of
rotation in the target of guidance. The difference,

for perigee errors gn'eater than --2 radii, is about

0.022 escape velocity (800 ft/see) in figure 22(b).
The AI r illustrated can be considered the ideal

AV required to correct, tile trajectory. The same

method is used by the vehMe computer to compute
desired corrective action. As will be considered

shortly, rite knowledge of range and orbital ele-
ments P and E awdlable to the vehicle results

from measurements including errors. As a result,

the final trajectory is expected to differ h'om the

desired trajectory.

EFFECT OF ERRORS IN MEASURING VELOCITY INCREMENT

Variations in the direction/_ ....... of the resultant

A I/:,,,_._ h'om the desired circum fcrcntial correction

AVe_ (fle_=0) are shown in fignre 23(a). Assum-

ing small directional errors, the components of

velocity after correction arc

V_,2=/)_=/)_-_I_, sin fl....

Vo.2=RO2=RO_-t-zXI",,_ cos _ .... }'j (B7)

Substituting into equations (5) and (6), tile orbital
elements after corrections are

E_ - (/7, +al_, sin _.... )_ 1

1
+(R0_+AI.,,o_. cos _ .......) -_

H.2= R ( I?o_+ M: ..... cos fl.......)

(B8)

from which the perigee P.z can be found with l]le

use of equations (5a), (6a), and (7).

Knowledge of tile resultant velocity increment

is hypothesized to result from an inertial measure-

ment scheme using aecclerometers and gyro-

scopes. The control scheme hypothesized is

shown hmctionally in figure 23(1)). Tile desired
corrective maneuver (2_l?_,.,.,Be,,) results in some

actual colTcction (;5Ir,,,/_), which is indicated

as tile measured correction (AX'm,_,_ ..... ) due to

measurement errors fi-_t" and tiff. The modified

trajeetm3" is computed using equations (BS),

zXI_ .... and _ ......
The effect of measurement errors on the modi-

fied trajectory can be estimated as follows.

Linearizing equations (BS) and writing in terms of
small finite errors give

o)

(a) Notation.

Fm_mE 23.--Effect of errors in corrective maneuvers.

5E_=2 (/)2M\ .... cos ¢_.....

+2([,..,sin,,,,,,+H'cosfl ...... ) ,._I"

_IL=(I? cos_ ......)_M"

--(RAIm_._sin_ .... )$_

For small errors, assume

sinfl ..... _--_,,,_, cos fl....... _1

/-

ar_r_=_v j
(BIO)

Finally, since the perigee is significant to the guid-

ance probIem, the anguI._r momentum is elimi-

Then, simplifying and dropping second-order

terms,
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Vehicle knowledge of trajectory Actual trajectory

z,
E

Corrected trajectory(measured).

_r

Estimated error due 1

to corrective !maneuver

B des
A_eos- AWes

IX.Vmeos

_fl?eO$

Control devices ]

Control errors

8 (AVmeos-AVdes)

8 (Bmeos - Bdes)

Measurementdevices

Measurement

errors

SAV: AVo - AV_eos

8# = Bo- Bmeo_

Measurement

calibrations

craB, ex

crsAV, ex

Avo
_o

_c-,2

(b) Schematic of control scheme.

FmvaE 23.- Concluded. Effect of errors in corrective maneuvers.

Po,I

Eo.I

"IC°rrec'e'1 oc,uo,

(b)

nated using equations (5a), (6a), and (7) as

_p_=l_ (2II_M/2_p22aE,2) (B11)
_2

where e is the eccentricity. SimplifFqng, and

holing t lint /_ -l-Wl_ is always positive for the

inbound vehicle,

2 1 P_'H °'o

H F(B12)

The significance of AV measurement errors is

considered in detail in reference 23. The major

effects can be determined here by insl)ection of

equations (1112). The directional error aB is

dominated by the coefficient ,_., in both equa-
tions, so that for small corrections the effect is

small. In addition, the radial velocity /) is

small at long range where large corrections may be
used. The error in measuring the magnitude

a_V may contribute siglfifieant uncertainty in

energy at short range, but less as range increases
in the denominator.

The most importanl effect is that of _AV on the

perigee at long range where correction to the

desired trajectory is advantageous with respect to

,XV expenditure (fig. 22). This is not surprising,
however, since kV is applied in a direction chosen

to permit perigee modification with minimum AV

expenditure (i.e., a direction in which the perigee

is sensitive to AV).

Uncertainties in the knowledge of the orbital

elements available to the vehicle can be ex-
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pressed as variances _ and ¢_, as considered in

the ANALYSIS section. Assuming that the

magnitude and direction errors are uncorrelated,

and that tile standard deviations ¢,av._, and

_s_:, of tile measurement instrum.ents are avail-

able fi'om calibrations, the uncerl_dnty due to

measurement errors in corrective maneuvers is,

fi'om equation (B12),

.' _b_,,_ (B13)

:_F2H:I ': .

The increase in uncertainties ill trajectory

knowledge, expressed as a2e and a_., is dependent on
the errors in the measurement instruments

a_v._ and _,_,, the size of the measured velocity

increment. AVm .... the trajectory after correction,

and the range. Tile control errors influence the
variances only indirectly.

EFFECT OF CONTROL ERRORS

In most closed-loop control systems, a strong
control feedback is used to cause the measured

output t.o agree with the desired value. It is

desired in most systems, moreover, to obtain

perfect correlation of A_'_ .... /3.... with Alr,,_3e+d

and any differences result from small errors in

calibration of cutoff decay curves or dynamic

response limitations in the control system. In
cun'ent praeliee, however, thi_ precise control is

often attained using systems requiring substanti.d
power supplies and violent cutoff techniques. It

is of interest here to investigate rehlxation of these

requirements. To do so, differenees in the meas-

ured correction AV ..... flm,_ and the desired correc-

tion M%_,_ee_ are assumed uncorrelated with

meamlrement errors. In other words, errors in

controlling tile AV are considered independent of

errors in measuring tile resultant correction.

The effects of errors in control action, era and

_av, have been shown with numerical results in

figure 14.



APPENDIX C

]COMPUTATION OF RANGE AND ANGULAR ROTATION FROM BASIC MEASUREMENTS

The following discussion of range determination

using the apparent size of the planet, assumes
visibility of the entire disk, inferring that some

wavelength is used that permits definition of both

light and dark sides of the planet. The more

complex methods required when only a crescent

is visible are presented in reference 8. It is also

inferred that sharp definition of planet boundaries

is possible, which may require quantitative cali-
bration of fringe effects.

The measurements picked fi'om the hypothetical
image were indicated to blelude the maximum

and minimum intercepts of the planet along some

vehicle reference axes, say _o and y_. The two

values of' apparent size of the planet are

co_= z ..... -- x,.,. "l_
(el)i

cot, _ ffmax -- Ym tn _'

Shnply averaging the two wflues,

where the image is considered scaled in radians

to avoid writing a scah, factor in each equation.

The range is

ll=-. Re
Slll (col�2) (Ca)

where tile nominal value of Re is 1 radius. Con-

sidering uncertainties in planet _ize or local

terrain as well as in the measm'emen[s, the error

in range is

d,, bR . 6R
l , = Sco _co-t-_[_o° d R o

_____--R_ eos (co/2) dee4 dl?o (C4a)
2 sin 2 (co/2) sin (co/2)

which simplifies by virtue of equation (C3) to

<IR=--_,R --1 dco+R dRo (C4b)

where

1
dco=2(dx,oo_--dxm_+dy,,,,_--dy_) (C5)

-16

Assuming now that the four basic point.s have

uneorrelated normal b" distributed errors of equal

...... and noting that the sum of normally dis-

tributed values is also normally distributed with

the standard deviation equal to the square root.
of the sum of the squares,

1 j-

The uncertainly in range, approximated in terms

of finite differences due to errors, is

Then

aR=R( _R2-_52 .... +_Ro) (C6a)

where [8] is a normally distributed random error,

and each [a] is different,

aR=--_R -1o ..... [g+R_.o[a] (C6b)

and the variance in range determination is

2 R2(R_-- 1)

The determination of A_ from two successive

readings requires the use of a matching pair of

stars, say 1 and 2, as well as the two sets of planet

data (sketches (a) and (b)). Tile center of the

planet (a'0,y0) is

J'max ,--7-, "m ¢ r_

xo-- 2
t.

yo=Y,,,,,-_+ Y_,
2

d

(C9)

and the si<h's of the triangle are, for examph:,
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b O

Planet c

Slor I

(o)

g

Planet, AI '-hi
# Star I

CI

_:_I \-01 =02Planet, time 2 :

x axis

(b)

The angles of tlhe triangle can be found using
the law of cosines. For example,

(c 2+a 2- bV'_
B=cos -_\- _ } (Cll)

From two such readings the angular displace-

meat in the plane of motion A_, is

A_= -+-(C_+C_--2ClC_ COS I B,--B2i) I/2 (C12)

Tile plane of motion relative to the line between
stars a is

,7= cos-' (_'+_-4"_\ _ / +]B,]_- (C_3)

which can be related to the vehMe axis at. time

2 for the purpose of orienting relative t.o an

inertial system for use in corrective maneuvers by

,= tlfll2_ l (Yb __.?]_c_ (C14)
\Xb-- xc/

A stlitat)lc sign convention is required to estab-

lish the directions of A; and _, trot problems would

not be antMpated.
Errors associated with the determination of

A_ and n arc difficult to assess because of the

dependence on tile partlicular positions of stars

used. It is readily shown, however, that, if
tlhe stars are in the plane or motion, lhe maximum

accuracy with a given measm'cment error is
obtained.

Assume, then, that tile vehicle has the ability

to pick stars near the plane of motion. As an

alternative, consider the recording of many

stars, with tile final calculation using those

found in the plane on previous check calculations.

The calculation of A_ then becomes,

sidering the image scaled in radians,

still con-

"_ ( x,,,, + x,,,,,

z_)-( x'"_+x_''" x_)_]

1
=_{[x .....+_%.,,- (x_+x_)]_-[<,,o_+x.,.,.

-(x,+x_)lz}
Therefore,

(c15)

1

-tax .... -£ax_,.-Cax,+ax,)l,.} (C1o)

2 1 2 2

CrS_= _ (40_planet + 40".tar)

__ 2 2 (CI7)-- O'p_,ne t J_- O'_tar

_ ,"2 2 (C18)0"t_ -- "_ {Tplanet @ O'star

Therefore, the error in A_p is equally due to en'ors

in observing the planet and observing the stars.
For the hypothesized measurement scheme, the

alCollrac3r in reading data is equal; thus,

o'a¢ _---_'2 o'mea.,.



APPENDIX D

DETAILS OF COMPUTATION METHOD

Time and time increments along tiw trajectory
are required repeatedly in cal(,ulation. The inte-

gration of conic equations is indicated here so that
duplicate presentation can be avoided elsewhere.

In general, however, tile methods of computation
are presented approximately in the order used in

calculation. From angular momentum and tile

polar equation for a conic section, in nondimen-

sional form,

H= I?20= R_ dr

2tt_ (D1)

R_I + e cos

Proceeding paralM to methods of references 5

and 6,

L"° dr=h L_ R2dq, (D2)

where limits of integration are chosen to yield the

time from any point given by R (or 0) to the time

of perigee passage. Results of integration in terms

of the variables used herein for elliptic, parabolic,
or hyperbolic traieetories are shown in reference 2.

Restricting this analysis to the hyperbolic ap-

proach, the result of integration, after simplifica-
tion, is

1[ 1 (1/2)+ER+z_ E._O (D3)

where

z=[E_(R2--P2)+E(R P)]_/' (D4)

and z is strictly a dummy variable to indicate

substitution. This solution can be represented in

functional notation by

rgo=r_o(P,E,R) (D5)

From knowledge of orbital elements P and E,

the time fi'om range R to perigee passage is com-
puted in closed form. Closed-form solution is

not available, however, to compute range knowing
48

P, E, and rgo; therefore, an iterative solution is

used. Since trial wdues R_ and r_o are awfilable

herein from previous computation, the first

approximation is made (using an arbitrary con-

vergence equation in lieu of bIl/Or) as follows:

Tgo, ffe3(",-")
where rgo.d,_ is tile time for whi('h range is desired.
The iterative loop is then

(D7)

until the desired accuracy is obtained. The

iteration is rapidly convergent if the starting

conditions are acceptable/ namely, E_t), rgo_O,
and R_P>_O. Digital rounding prevents ac-

curacy greater than 5 of 8 figures unless additional

care is used. Solution for range knowing time
and orbital elements is functionally noted as

R=R(P,E,r,o) (DS)

and refers to the iterative solution.

CUTOFF CRITERIA

Since active guidance is cut off only when no

further corrective maneuvers can be accomplished
before entry into the sensible atmosphere, cutoff

criteria simply limit the time (or range) of the

last data-acquisition points. By assuming ve-

hicles close to the target trajectory, it is possible

to preeomt>utc the time of cutoff rather than to

in('lude computation in the logic of each sample

vehicle. The assumption shouhl be valid, since

guidance that uses sufficient AV to modify the
energy or that does not have vehMes near the

target at cutoff will be unacceptable regardless
of cutoff approximations.
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Noling first tlmt all correclive action mus! be

completed before entry into the sensible at-

mOsl)here, and assuming R_t_=Ro+0.02 (80
miles), lhen

Sufficient time for data reduction, orientation of

0,c vehicle to execute a correction, execution, and

reorientatioa to entry attitude nmst be provided.
The time of the second point of the last pair is then

and

- - AVz.,t
(Do)

The first, point of the last pair should precede the
second by the specified minimum increment of

lime Ar_o.,,_,. Tiros, no reading increment should
be initiated after

Zgo,,,_=r,o._,.+Argo.,.,,, (DIO)

which is used in guidance logic by specifying the
range of last initiation as

R_.a=R_(P,=.E, rto,..4) (D8b)

INITIALIZATION OF VEHICLE RUNS

The nominal values and standard deviations for

residual errors resulting from previous guidance

are assumed. Denoting normalIy distributed

random numbers by [5], where each [a] is different,

the actual or true trajectory is generated as

P.,_= _,., _o_l_]

P_-- x!_a,: ÷ P_,,.

IIo P_=

(Dll)

where the actual perigee P: is generated as a
normal bivariate distribution around the nominal

point (P,om,O). The sign of angular momentun_
II_ determines direction of rotation around the

pbmet, where the target trajectory is consi<lered

to have positive rotation.

Some additional properties of the actual-trajec-

tory are computed as

_= 1 +2P, E_ _ (D1 la)

Pep,.= r.o,_ (P_,E.,R.) J

and, front tile polar eqlmlion for a-conic h'ajectory

(eq. (DI)), the angular disl)laeement from_-the

perigee, the (rue anomaly, is

1 {2H_ 1"_ (D12a)O.=co3-' 7_\7:7- /

where 0: is in the firsl two quadranls when I/. is

posiiive, but

0a_- 27r-- 0. (D 121))

when IL<O.

IDEAL VELOCITY-INCREMENT CALCULATION

The ideal velocity increment :Xl'_ is herein

defined as the minimum _V required to correct

the initial trajectory, at lhe initiation of guidanee,
to within the entry corridor. The initial error in

perigee is
v- IL

=_ po-p,o, (D_:0

When AI'< 5Pu._., no AVis required. In general,

, p , AP
P2 ,d= ,.,-t-_ &P..,,, (D14)

So the ideal correction is to the'near boundary of

the entry corridor. Then,

2 ._ (D15)

TI2,,e= +_"P_,,,_E2,_.+P2,_. (D16)

_l',a H2,.;--TI. (D17)
II.

The 5V_a represents the minimum requirements

of AV lo correct the assumed m'ror in perigee at the

assumed initial point R_ and with the assumed

energy E_; hV_a can be considered the cost of

residual errors in midcmlrse guidance not charge-

able to the approach guidance s.'_'stem.

STEP-SIZE LOGIC

lIeneeforth, discussion will consider the n tb

increment of computation and guidance logic.
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Initially, the first step or reading increment is

based on assumed trajectory elements. Tile

effect of other assumptions on the ste f) size is not

considered herein, and P_ and E_ are assumed

equal to Pt_r and E_o,_. When knowledge is
awdlable to tile vehMe, the step size is based on

its current best estimate of trajectory elements.

In any case, the range of the first point of the
reading pair is measured. The mea._urement is

simulated in computation using the true range R_
and the aSSllnled measurement errors. From

equation (C6b),

Rt=R_,,(1 '"R_"1--1¢2 .... [6]q-a..o[5]) (DIS)

If R_<R,,_, however, sufficient time to complete
two reading increments and corrections is not,

awdlable, as discussed in the previous section
"Cutoff Criteria." Logie is then modified for the

final increment, following which the approach is
thus terminated, and the results of the guidance

problem are tabulated statistically. When R_>

R_,e, time remains and computation eontimws,
using only knowledge available to the vehicle:

are usually larger than ar,,_ steps, this logic is
seldom used.

TILe vehicle is considered to coast for the period

ar as indicated by its clock. The actual coasting
period is

ar,o----ar (1 q-aa,[_]) (D21a)

where the error is considered proportional to the

time increment and [ill is again a normally dis-
tributed random number. The true time of the

seeond reading is found as

'%o,2----:rlo.l--zXr,o (D21b)

and the range Ra. 2 is obtained from the iterative

solution of tile time equations

R_,2=R_.2(P_ E_ rg .... 2) (D8e)

The measured range 1?2and the angular displace-

ment from the perigee G,a are obtained as pre-

viously (eqs. (C6b) and (D1)). The measured

angular increment is generated as (from eq. (C18))

&o=G,t--0_,2+¢ ..... _[6]q-o- ..... 2[_] (D22)

_=I+2PE 1

H _=P_E+P

T_=,-/P,E,R) J

(D19)

The desired range of the next reading R2 is
tentativdy computed as shown in figure 10:

R,,=the larger of ¢" (_4 Rl'l-kR"
" (.R_--,SRm_

(D20)

so that either the proportional increment or the

maximum allowable increment AR_ is used,
wtfichever leads to the smaller increment. The

time at R2 is then

r_= r., (P, E, R) (D 19a)

and tile ineremenl of coasting flight is then

t-
Ar=the larger of _{r_--r2

k. A'rmin
(D21)

so that the minimmn step size, in terms of time,

is used to prevent, bad readings or undesired shm't

increments. Since the proportional step sizes

where the errors due to planet and star sigbtings
are considered independently.

The expected errors in measured values are

obtained using the standard deviations from cali-
bration data,

....,,,,+o,,.....1
¢_ 2=R2, [(R__l) ¢L _.. ....4 .... _l_O.R,o, ez2]

2 __ 2 2 I

I

(Tar -AT {Tar, ex

J2 __ 2 2
ff A_-- O'mea,% I, e.r @ff meas, 2. ex

(D23)

and the terms required for data reduction are
complete.

DATA REDUCTION

The condition equations for tiffs stu(ly are

(D24)

where _is the discrepancy as defined inappendixE.
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Written in terms of the variables of interest and

considering for tile moment that the orbital

elements will be either parameters (v °) or obser-

vations (x°), equation (D24) is

F, (R,,R2,Ar,O,P.E) = d_ l
(

F.(I_,,R,,O,A_,P.,E) = 62J
(D25)

--=|
bar

o_
OA_

(D27b)

(D27c)

(D27d)

where the perigee range P. is used as a signed
variable to indicate the direction of rotation around

the planet. The use of the perigee in guidance

logic forces eventual computation of this element,
so that the use of _ more convenient term in this

stage of data reduction only delays the prohlem.

The specific working fimctions used in the con-

dition equations are shown parametrically, where

in concept, they shouht he considered as fully sub-
stituted for the variables in the preceding

funetionalnotation. From equations (D1), (D3),

and (D4),

f 1 1 2z2+2R_E+ 1____
z,=[_(R?-P,)+E(R,-P)y _ i=l, 2

f 1 t2[P \ _1/2[I 2 \ _.

A +eos-' t -,j-cos- -') "'
IF--P_E+P, _=l +2PE

(D20)

Differentiation to obtain the coefficient matrices

of the observations and/or the unknown param-

eters, after simplification, yiehls the following:

_ l
Odl 1 1 I+2ER,+2zl 2ERI+I

0R _ _I_ z, 2

I+2ER,+2z,

O___C_=I__ .t I+2ER_+2z: 2ER2+l
z2 2

(D27a)

/ l

1+2ER,+2zl

zl

1 1+2ER.>.+2z_

z2 /

(D27e)

(D270

o_ -IHI

OR, R,IE_ R I R_
2 , 1 II 2

(D27g)

o_ VII

OR_ RL._/E4 1 IP

(D27h)

"" =0 (D27i)
bar

hap P
(D27j)

O__ P _,--1_ R,----1

(D27k)
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__ ") +

E/2H _ \ _2-I

t | H_O (D271)

tile actual trajectory, which is unknown to the

vehicle).

The indicated value and expected standard

deviation of perigee error are

where II _'P2E+P->O as the vehicle falls

(D2s)

Corrective action is omitted unless both of the

following conditions are met, as shown in figure
directly loward the center of the planet. The 11:

angular incremenl 'm<l discrepancy Ix'come inde-

pendent of R_, R_, nml E, and the respective
coefficients vanish; O_/OP, approaches infinity,

however, since small changes in perigee result in

undefined or large changes in 0 and thus _. In

other words, for P >0, infinitesimal changes in

_? have no effect on P. In the condition equa-
tions lhis discontinuity occurs as a result of the

cosine function, but in the physical problem it is

a direct result of the fact that a trajectory toward
P 0 must be modified by a finite increment
before 0 differs fl'om 180 °.

For the dnta reduction considered herein, the

occurrence of a mathematical zero perigee range or
does not, constitute a significant wdue, since data

considered are valid only to 10 -6 at hesl, hut

most often 10 -4, where prohlems may be en-
countered. It is realislic, therefore, to consider

]Hi = IHI + 6H as H- +0

so that, the unhounded slope is avoided. The

discontinuity around P=O cannot be avoided,

however, and linearization is expected to be poor
in this region.

When past history is used, these coefficients

are then used with equations (E9) and (E8) in

solution for residuals. In direct solution using
the least-squares technique to obtain parameter

adjuslmenls, equations (E6) and (E7) are used.

In either case, the resuhs include P, @, E, and
_.; R._ and _.2 are available either as indicated

or as adjusted when past history is used.

CORREC_VE MANEUVERS

Only the knowledge available to the vehicle is

used in determining and executing corrective

maneuvers. Thus, the guidance logic is based

strictly on the results of data reduction (not on

!APj_>IglJBO P (19a)

[APi +kzo_,o,p_APz r.,, (20a)

so that the tentative use of thrust is considered

only if the indicated perigee error _P is larger

than the significance placed in the data as re-

flected by lepta and the error plus the significance

O'pItDB is greater than the entry corridor APh.,,.
Using now the subscripts I for before and 2 for

after the AI, the error in perigee after the col
reclion is the larger of

(22)

so that the vehicle is corrected to '%., mgmas" "

within the corridor or to "kDM sigmas" from the

target, whichever is larger. The perigee after
AV is then

p - _P
,,2= l't_,-t-_Api AP._ (D29)

so that the vehicle is corrected toward, but never

intentionally beyond, the target. The corrective

velocity increment is computed as indicated in

equations (B2) and (B3), where R_--R.a=R.
Again,

EaEi (R"--P_) + P2-- P1
R2__p _ (B6)

]2-- /_s, '2

-- [p, _j -(I'_/':z + 1'_ (D 16a)

_ V -I[_- H' (B3)
R

The AV must be within the linfits imposed (ar-
bitrarily herein) by the propulsion devices. If

the AV is smaller than aV,_,, thrust is omitted;
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lherefore, for thrust to be used, [he condition

required is AU'> AV,._.. It', however, AV>-A_,_,

too large an increment is demmMe(l, and _V is
set to AV=AI,, .... Ill either ease ILL(' execulion

of the correetkm is made. The resulting AV

measured by t he vehMe is generated using randonl

nlllll])ersj

,xIL ..... =M'(l+¢av[_]) ; (D30)

..... =_[_] J
and the trajectory as known to lhe vehMe is

computed as

/',',--=/_, + a'_ ....sin fl ......."_ (BT)
)- __ )" -rl, 0.,--1_ O_+ _ I .... cos fl...... J

". (RO._)____

2

%= 1q- 4 E2Hfi (D31)

, 1 ' 2
2_ _"%-- 1.

p __ lI2
_'_--IH_t I'2

where P,,2 is the argument of the perigee with the,

sign of the direction of rota, tion.

Tile variance of the corrected trajectory is

(from eqs. (B13) and (15))

/.,, [I_ _ \ l
<r_;=a_q-4AV2meg. _Ryo,.z-J-_ car,..) j

(D'32)

where lhe error car and the expected error aav._,

are considered percentage errors rather tlmn fixed

A I _ errors.

CORRECTION OF ACTUAl, TRAJECTORY

The actu.1 (or true) correetive action is deter-

mined from the measure(I (ATfl) correction using

random measurement errors,

'AVe- AV......(1 +¢av,_[6]) l (D30a)

and tile actual trajectory after correclion is

computed using equations (B2) to (B4) but with

true wAues, P,, E_, and so forth. The position

on the trajectory is computed a,_suming the coast-

ing period as representative of the first-order

approximaIions {o the effects of finite engines,

and so forth:

aT=aT,,o,,+ laG!.4o 1

Tgo, a, 2 = Tgo, a, 1 -- A T a I

JR+-R.(Po Eo,_ .... ,)

(D33)

The step-size logic is then repe'Hed, and Ihe

sequence of data acquisition, data reduction, and

corrective action is continued until cutoff logic

interrupts and signifies the fired correction before

entry. Tile modified guidance logic is then sub-

stituted as described in discussion of figure 11.
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LEAST-SQUARES DATA REDUCTION

The general problem of least squares and error

propagation is treated in the literature (e.g., refs.
9 and 16). A brief discussion is presented here

cab" to develop the nomenclature used in anal/sis.

The met hod and symbolism are directly shortened

from those of Brown (ref, 11) and others.
o o o

Introduce first the elements Xl, z2, • • • z,, of

a set of observations, and a set of unknown pa-

rameters 7_, 72, • • • %, The number of inde-

pendent condition equations, m, is m--n--no+p,
where no is the nlinimum number to determine the
set of observations.

The condition equations are

£(x_, x.,., . . . x_, _,,, >., . . ..y,) =0

fi(z,, z_,.., x_, "n, _ .... _) =0

f ,,(xl, x2, . . . x,, 7_, 72, • •. %,) ----0

(El)

Tit(, a(tjusted observation will be

x_--x_,+v_ i=1,2, ... n (E2)

where the residuals v are presently unknown, and
the adjusted parameters are

7j=7_+_Tj j=l, 2,... p (E3)

where the 7y are initial estimates and the a-/j arc
presently unknown corrections.

If equations (E2) 'rod (E3) are substituted into
(El) and the residuals and parameter corrections

are small, the resulting equations can be approxi-

am ted by the zero- and first-order terms of Taylor
expansions. The discrepancy _is then

co

<--f,(x_,x_,...x:,7_,72,...7;) i=l,2,...m

au=-_-z, j=l, 2, . . . n
Oxj

b,_=_--_, k 1,2, ... p

and

allYl+ql2v_@... +a1,,%+bn_71+br2_72+... +ble_%+_=O

a_lvl +am2V2 +... +a,_v, + bml$'/1 + b,,,2_3'.2+... + b,,p_% + df,_= 0

There are n unknown residuals and p unknown

parameter corrections in m equations, and the set

is overdetermined when m<n+p.

The result desired is that which minimizes the

weighted sum of the squares of the residuals.

Assuming that the observations are uneorrelated,

54

(E4)

•2 2

0.12t0. 22t " " " 0.2

where the unit variance of reference 11 is multi-

plied out for this development, and the weight of
an observation is inversely proportional to its
variance 0.2.
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Tile diagonal matrix of the variances of the

observ'ttions is denoted as

a I] d

"¢_ 0...0"

0 (_... 0

0"_-

=0 0...¢,:_.

a21 a22 (/2n | 17,2 _.2

d= " " " ],v= ,/_;
L aml am'., amn _J _n m

are, respectively, the coefficient of tile ob-
servations matrix .,_1, the residual vector :_,v and

the discrepancy vector _. The coefficient matrix

of the parameters _B and the vector of parameter

adjustments _ are

[bll [ 11b.,,1 b_2 ... b,,, 1 _3_2

F_= • : ,__= •

In matrix notation equation (E4) becomes

Av+ B6+¢7=O

and equation (E5) for the weighted sum of squares
of the residuals is

s=_(_@-,y

55

The derivation of reference 11 will not be re-

peated herein. The reduced normal equations
that result are

[BV(ilz,_tr)-lB__]_+BT(,.la,.lv)-'__'=O (E6)

which can usually be solved for the parameter

corrections _, which can then be used in

to determine the residuals. The cowu'iance

matrix of the adjusted parameters is

_r_,_= [BT(AaA r) -'B]-' (E7)

The covarianee matrix of the adjusted observa-

tions is obtained t)y subtracting the eovarianee

matrix of the residuals crv_ from that of the

original observat ions _a (or (r,s--g--a_,_O:

[ I))T( ._0. :| 7")- 1_._] I ]_ T(.](Ti t T)- l}.t O_

For the data reduction of this analysis, however,

only special cases of these results are required to
solve for the residuals and the covariance matrix

of the adjusted observations. When no param-

et,ers are used,

v=--aAr(AaA T) -%_

_,,_= (Aj._)_(A_,_...I1_)-'A__:

(E8)

(E9)

When the orbital elements of this study are used as

parameters, such as is done to use the least-squares
method in direct calculation, the equations are not

overdetermined, and v and _,_ are not. required.

In that case only _ and aa6, arc computed, and

the equations are it.crated until _ becomes

negligible.



APPENDIX F

SENSITIVITY OF TRAJECTORY DETERMINATION TO ERRORS IN BASIC MEASUREMENTS

Expected errors in trajectory deternaination re-
suiting from assumed errors in the measurement

system are presented in the ANALYSIS (figs. 6

to 9). The sensitivity to each of the component
measurena(,nl errors is considered here.

The fOrln of illustration is thai of figures 6 and
7, excepl, thai error coefficients are shown rather

than the expected sial.lard deviation of trajectory

elenaents. 11qu, re coefficients arc multiplied 1)y

prot)able errors to illustrale the relative sensitivity

to various components (ff the measurement sys-
tem, tile usual limitations of the lineurization
process should be considered. The results are

shown for a trajectory of 0.2 energy (v_=16,400

ft/sec) and 1 perigee (tangent to tit(.' surface) as a

function or AR for a series of R2. The region

(I?2,AR) of interest to nmltiple-correction guidance
is not noted, but is shown in figures 6, 7, or 10.

The error coefficient in perigee determination

due soMy to the measurenlent of range and the

direction of range is shown in figm'e 24(a). Since

the direction of range enters into the compulation

of k_, A_o is not considered errorless even though
errors in determination of star positions are not

considered. This interpretation results fl'orn the

use of the range-measuring instruments to deter-
mine the direction _ and is not a result of the use

of occultation. Range is computed from apparent

planet size (eq. (C3)), and it has been indicated

that errors increase rapidly with range. This is

reflected in the error coelTicient for perigee deter-

ruination. In the region of interest to multiple-
correction guidance schemes, the error coefficient
wtries from about 1.25 with AR:I radius arm

Ra--I.2 radii to about 800 with AR=10 and

Ra 100 radii. Tile variation with range is about
640:1. Minimum error coefficient, or maximum

accuracy, occurs with AR of the same order as

R_; in other words, R.a_Rd2. Accuracy decreases

with larger AR because of increasing R_ terms;

while, for AR smaller l,}lall those of maxinmm

accuracy, large difference terms cause accuracy
56

to decrease, and for AR<<Ra tile error coefficient

is inversely proportional to AR.

To illust rat e 1.1l(,standard deviat ion in the region

of interest, 'lssume a measurement system of

0.0002-radian standard deviation (40-see are).

The vqriation with range is then from 0.00025

to 0.16 radius (perigee error of 1 to 640 miles,
0.9 to 555 Int. n'mt. miles).

The error coefficient in perigee determination
due to errors in star-position measurement is

shown in figure 24(t)). The sensitivity to A_o is

not illustrated, only that portion of A_, due to stqr-

position measurement or, in other words, only the

portion not cent ril)uled 1)y range instrumentation.

The rapid increase in error coefficient with range

is again noted in figure 24(b). Maximum accu-

racy occurs with vew large step sizes, and for

AR<<Rz the error coefficient increases approxi-

ntalel3_ as 1/AR. For lla--1.2 and AR---1 radius,
the error coefficient is 1.1 radii per radian, or

at)out 0.00022 radius (0.9 mile, 0.8 Int. naut.

mile) assuming errors of 40-second-arc rms. Simi-

larly, for R2--100 and AR=I0 radii, tile error

coeffi('ient is 800 radii per radian, or 0.16 rat||us
(640 miles).

In the range of interest for nmhiple-correetion

guidance, the uncertainties in perigee determina-

tion due to range sensing instruments and star-
position sensing instruments are of equivalent

significance, varying less thttn 1.2:1. The meas-

urement scheme hypothesized in this ,malysis,

however, measures star and planet positions with
the same instrumentation. The error ('oe_eients

are illuslvat ed separately to permit a brief look at

other possibilities, such as the use of tin inertial

reference direction determined with precision

position gyroscopes (rers. 17 and 24). With

equivalent sensitivity for errors in the planet
observations and errors in inertial reference direc-

tion, increased errors in either portion will be

reflected in reduced performance of the guidance

svstem. Gains in system performance up to 30
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,2 ,4 .6 20 40 I00

(a) Errors in measuring magnitude and direction of range.

FIn_:RE 24.--Probable errors in perigee determination. Perigee rang(', P, 1 ; energy, 0,2.
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or 40 percent, however, are possible if errors due

to the gyroscopic or star-tracking system are

significantly less lhan errors in the range-measuring

system.

The error coefficient for perigee determination
due to errors in the optical system as hyl)olhesized

in this analysis is shown in figure 24@). A{ large

AR the errors due to range measuremeni are much

larger than those due to siar-position measure-

menl, and the curves assume approximately the

shape or figure 24(a), with broad regions of AR_

21_ yielding near-optimum ca'or coef'fieients.

In the region of interest to the muhiple-eorreelion

scheme presenled herein, the error coefficient is

roughly -_ largm" tlmn for either of the component

measuremenls separalely (figs. 24(a) and (b)).
Thus, at Ra=l.2 radii and AR=I radius, lhe error

coeffwienl is 1.7 radii per radian; and at R2=100

and AR=10 radii, it inereases lo 1150 radii per

radian. With a measurement accuracy of 40-

second arc, these become uncertainties of 1.36 to
920 miles rms.

The optical syslem as hypothesized herein ob-

serves the surface of lhe targel planet. The

sensiIivity of perigee determination t.o uncertain-

ties in planet, size or terrain is shown in figure

2401). For short range and large AR the error in

perigee approaches the uncel'tainl,y, but, for small
increments the error coefficient i,wreases inversely

with AR. With Ra=l.2 radii an<l AB':I radius,

the error coefficient is 1.7 radii per radius; and,

with ./?a=100 and AR=I0 radii, it increases to 5

radii per radius. At. long range this error sensitiv-

ity is small and usually insignificant wilh respect

to others errors. The assumption of distribution
shape and numerical size of planet surface uncer-

tainties is subjecl, to question. In no ease, how-

ever, can guidance accuracy exceed the knowledge

in the observed portion of the t,argel phmet.

(Herein, lhe surface is used.) Thus, if the un-

certainty is assumed as 0.0002 radius rms, as

herein, lhe error becomes 0.00034 radius or 1.36

miles rms. In other words, by assuming an
uncertainly of 0.8 mile rms, the minimum corridor

atlainable with high success probability is about

3oX 0.8 miles, or roughly a 5-mile allitude, even

with otherwise perfect systems.

The wflue of planet surface errors assumed is

intended to represent the uncertainties that might

occur approaching Earth where mountains 4 miles

high may be observed occasionally and the average

terrain may vary from sea level Io 1.6 miles or

:E0.8 mile. This error wouhl not be represenla-

live of errors due Io cloud cover or due to planet

oblateness. Judicious choice of optical wave-

lenglhs is one possibility of avoiding cloud-cover

problems, and oblateness can be considered in

data reduelion if a rough knowledge of range

orienlation with respecl 1o the equatorial plane is
available.

The final measurements usetl in perigee determi-
nation arc time increments. The error eoeffieienls

of timing errors arc shown in figure 24(e) for errors

assumed proportional to lhe lime increment. The

sensilivily to errors in liming is of [he order of l

decade less lima lhal of the optical errors. For

example, with Ra=I00 and A/¢--10 radii, the

probable error is 1.4 radii; and, for Ra=l.2 radii
and AR=I radius, it. is 0.4 radius. With the

assumed error of 0.01 percent (9 see per day),

expecled errors are 0.56 and 0.16 mile. As a re-

sult, tinting errors are negligil)le in effeet on perigee
determination.

The combined effects of errors in measurement

on the aecuraey of trajectory determination arc

shown in figure 6(a), illustrating the ap resulting

from the components as just discussed, and figure

6(b), illustrating the (_. as is considered next.

As the guidance probh, m is considered herein,

the trajeelory energy is not conlrolled during ihe

approach lo an emry corridor. The accuracy

of energy determination is of interesl, however,

because E is used in determining corrective ma-
neuvers, mainlaining lhe history of past data re-

ductions, and compuling the lime increments of

the sampling-rate schedule. To simplify the
interpretation of sensitivities in the determination

of trajeetory energy, parenlhelieal vahles are

expressed as Ihe changes in entry veloeity for an
approach lo Earth. Tim nominal value is 40,400

feel per second for E=0.2.

The error coefficients for energy determination

due to errors in range measuremenl, siar-posilion

n_easuremenl, and measurement using the optical

system as hyl)othesized herein are shown in

figures 25(a), (b), and (e), respeclively. The
characteristics of the wtriat.ion with range and

range-increment size are similar to those illuslrated

in figure 24(a) for tbe sensitivity of perigee

determination. The effects of star-position errors

(fig. 25(b)) art different from those previously

illustrated in that range has very small effects,
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(d) Errors due to uncertainties in planet terrain.

Probable errors in perigee determimdion.

20 40 60 I00

I?_VtCE 2].--Continued. Perigee range, P, 1; energy, 0.2,
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(e) Errors in assuu:ed optical measurement scheme.

FI(IPnE 25. Conlinued. Prohabh_ errors in energy determination. Perigee rang(,, P_ 1; energy, 0.2.
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Fzc'c]{s 25. Conihmed.

(d) Errors din' to uncm'tainli_,s in planet terrain.

Probabh, errors in energy d_'h'rmination. Perigee rang% P, 1; energy, 0.2.
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the sensitivity is small, and the sensitivity varies
inversely with the increment size AR. Tile error

coefficient, fox' tile optical system (fig. 25(c))
varies from 2.7 with R2=1.2 radii and AR=I

radius to 325 with R2--100 and .XR 10 radii,

wilh uniis 1 per radiu._-radian or escape velocities

squared per radian. With 40-second-arc measure-

ment accuracy, this represents errors of 0.00054

to 0.065 l/radins (or roughly 10 {o 1100 ft,/see

error in entry velocity). The sensitivity

(probable error) in energy is relatiwqy small in

comparison wiI|t the sensitivity of the perigee
in tit(' effects on entry conditions.

The error coeflMents for energy determination

dc'.e to uncertainties in plam,t terrain arc shown

in figure 25(d), and the characteristics are similar

to those of perigee determination (fig. 24(d)),
except, that, the error coefl3eienls continue to
decrease as A/? increases. The variation with

range for the _R of interest to tile muhiph,-

correction scheme is again about 5 to 2. For

the assumed error of 0.000'2. radius, tile energy

is determined to an accuracy of 0.00045 per radius

with R2=1.2 radii and AR=I radius (7.5 ft/see).

As indicated previously, this uncertainty is not

an instrument inaccuracy, but is a physical

li,nitation due to imperfect knowledge of tile
phmet.

The error eoettieients for energy determination

due to timing errors (fig. 25(e)) are again con-

sideraldy smaller than those of the optical measure-

meats, except at short range. The variation

with range is inverted, so that. larger uncertain-

ties oecm' ab she,'{ range, and the variation with

,XR is small at short range and negligible at long

range. The signifieanee of errors in timing is

slight, as indicated by the maximum error co-

efficient of 1.5 for the region of inerenlent sizes

of interest to n/ultiple-correetima guidance. For

assumed errors of 0.01 percent, the expected

error in energy is then 0.00015 per radius (roughly

2 ft/see error in entry velocity for an approach

to Earth).
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